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Summary 



The Minimal Supersymmetric Standard Model is the most promising extension of the Standard Model. 
On the other hand, the Standard Big Bag Cosmology combined with inflation provides a consistent 
picture for the universe evolution. The combination of these two theories can successfully address the 
Cold Dark Matter problem. Indeed, the Lightest Supersymmetric Particle is the most plausible Cold 
Dark Matter candidate. 

In this thesis, wc calculate the cosmological relic density of a Bino-like Lightest Supersymmetric 
Particle in the framework of the Minimal Supersymmetric Standard Model. We include annihilation 
and coannihilation effects of the Bino with the hghtest stau and other sleptons, which happen to have 
comparable masses with it. Coannihilation turns out to be of crucial importance for reducing the Bino 
rehc density to an acceptable level. Requiring the Bino relic density to be in the cosmologicahy ahowed 
region, derived from the mixed or the pure (in the presence of a nonzero cosmological constant) Cold 
Dark Matter scenarios for large scale structure formation in the universe, one can restrict the relative 
mass splitting between the Lightest and the Next-to-Lightest Supersymmetric Particle. Phenomenological 
constraints, also, result from the inclusion of the supersymmetric corrections to the CP-even Higgs boson 
and 6-quark masses and the branching ratio of 6 — > 57. We impose these constraints on the parameter 
space of two versions of the Minimal Supersymmetric Standard Model, employing radiative electroweak 
breaking with universal boundary conditions and gauge coupling uniflcation. 

In the first version of the model wc assume Yukawa coupling unification and boundary conditions from 
gravity-mediated supersymmetry breaking. For /i < 0, the branching ratio of fo ^ S7 is compatible with 
data but the fo-quark mass after including supersymmetric corrections exceeds the experimental limits. 
The Bino mass can range between 215 GeV and 770 GeV with the lightest stau mass being 8-0% larger. 
For fx > 0, the predicted 6-quark mass is experimentally acceptable and there is a sizable fraction of the 
parameter space allowed by 6 — > sj, where Bino relic density is below the upper bound from Cold Dark 
Matter considerations. 

In the second version of the model we assume boundary conditions from the Hofava-Witten Theory 
and restrict the parameter space by simultaneously imposing the phenomenological and cosmological 
constraints. Complete and t — b Yukawa unification can be excluded. Also, b — t Yukawa uniflcation is 
not so favored since it, generally, requires almost degenerate lightest and next-to- lightest sparticle masses. 
The no Yukawa uniflcation case is the most natural one since it can avoid this degeneracy. The lightest 
sparticle mass can range between 70 GeV and 670 GeV with the hghtest stau mass being 93-0% larger. 
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ETXAPISTIES 



Via Touc; [JT] [Jurjjjevouc;, xai 6x'. [Jovo y.a auxoOt;, to T[jf][ao( twv ei)xo(pi.oTi.cov eCvai cktio Ta n'.o evSiacpepovxa 
ae [Jia SiSaxTOpixr] SiczTpiPr]. 'lacoc;, y'-O't:' eivai to rao avftpconivo arjueCo evoc; e7T:ioTr][aovi.xou eyX^-pi'lM'^™?- 
■dot apvr]i[)ci) tt] au[i[ieToxT'] axr] SioiSixaota amri, av xai thote^co oti la 7ipo(YtJO(Ti,xa ai,ai[)ir][ao(Ta ^enepvo^v tutilx^c; 
8i.o(8ixo(ote(; xai. excppa^ovTc/i, r] [jaXXov 0(Tio8eixv6ovT0!i, wj'dopy.riTa, %riyaia xai. xotdr^iJepivo! [je Tip6i5ei.(; ^wr]?. 

'Eva [aeyaXo eu/apiaxcb iSa fiiSeXa va aiteu'Suvco otov ETupXeTiovTa xaflr]YTiTf] [Jou, x. T . Aa^apiSr]. H aujaPoXy] 
TOD oTr]v xcKTE^'duvor] Tioi) Tirjpe r] epei)vr]Ti.xr] epyotoCa, r] xotdoSriYTlor] tou xaxdi ttj Siapxeia ttjc; xai. r\ ouiJTiapdoTaoy] 
Tou yi-ot xriv eyxaipr) oXoxXr^pcoar] xai Tr]V ooo to SuvaTOV apTiOTSpT] Tiapouataar] tt]? 8i.aTpi.pr](; r]Tav avexTtjjir]Te(;. 

E^Caou iSepnet; Euxapiaxiec; -da r]i[)eXa va a7ieui[)6vco axov x. N. BXaxo. H xa'doSr]Yr]ar] tou ott] [aeXeTT] tt]? 
KpavTixT]? ©ecop'.ac; HeSiou xai oi enoixoSojariTixec; 7T:apaTTipy]aei.c; tou, xaTa tt) Siapxeia TioX^copcov Tiapouoiaoeciiv 
[iou OTOV Tiivaxa, U7if]pEav nrjYEc; noXOTijiCJV yvCiJaeciJV. 

To EpEuvr]Tix6 [JEpoc; xr^c; SiaTpiPr]? 8e oXoxXr]pcov6Tav, ojiwc;, x'^p'? ''^I'l ouvEpyaaia tou M. Gomez. Ai- 
aiSdvojaai xTjV avayxT], xai ajio tt] 'd£or\ auT^], va tov euxapiaTy]a(jj yioi tt] Poy]i[)eia xai ttjv e[ii|;6xciJay] tou oe 
S^oxoXec; OTiyjaec; ttjc; npoonaiJEiac; [jou. 

EtiCot]?, i[)a r]Tav napaXEu^r] va jjir]v EuxapioTi^aco tov x. N. Fxavo^Xr], y'-o' i^T^ texvixt], xupicoc;, UTiooTyipi^r] 
tou oe iSEjjaTa unoXoyiaTCOv, tov x. 11. HoptpupiaSr] yia ttiv EyxaTdaTaar] EuxprjaTCOv npoYpajajjcxTCOv, tov x. F. 
Taeyo! Yi'Ot xpi'lf'-lJE? aujiPouXs? 7ipoYpa[i[iaTia[ao6 xai tov x. B. Ananthanarayan yia Tr]v TiapoxT] SiacptOTioTixcov 
e^r]yf]ae(xiw aTir]v exxivir]aTi tcjv apuSjiriTixcJiv [lou avaCT]Ty]ae(iJV. 

TeXoc;, iSa T]'9EXa va EUxapioTf]ow Ta [jeXt] ttjc; E^ExaoTixi^c; EniTponTic;, Iwv. BEpyaSo xai A-Q. Aaxavd, yi-O' 'C'lv 
UTioSei^T] cocpeXijjcov Siop'dcoaecov oto xeCjisvo tt]? SiaTpiPr]? xai tou? xupiou? F. ZouTidvo, K. Mjiaxd, A. MtioXoPivo, 
F. PiSlo, 0. Tofiapd xai M. XaiZ,'fi yia to evSiatpepov tou? oe Sidtpopa oTaSia tcjv [iSTaTiTUXiaxCiiv [iou otiouScJiv. 

Oixovo^ixr] ap(x)yr\ xaTcx tt] SidpxEia tt]? SiaTpiPr]? \jo6 TiapEixs to 'ISpujia KpaTixcJiv TTioTpocpicJiv (L K. T) xai 
TO TipoYpajifja nENEA/95 K. A. 1795 tou TTioupysiou HaiSsia?. 



nEPIAH*H 



To 'Ekdyiaxa TTispou^^ETpixo KaiJiEpw^Evo HpoTUTio aTioxeXei Tr]v mo 8r]^ocpiXr] iJewpia yia Tr]v s^eXi^r] 
Tr]? ^uaixy^c; tuv EtolxeluScjJv Eu^iaxiSiuv ETiexewa tou Kai9LEpco^iEvou IIpoTUTiou. Atio Tr]v TiXEupd Tr]c 
KoatJoXoYiac;! "1 0£wp(a T'r]c; Msya^'ic; 'Exprjcic; [js tt) auv8potJ-f] tou nX'r]t)6opi,atJo6 aTioTsXsi, xaTa yevixr] 
ofioXoyia, [iia STiiTU)(r]H£vr] upooTidcdsia Ep^rjvEiac tou ©au^aTOC ttjc ArjuioupYiac. H a^iOTioirjar] tou iSew- 
poufiEvou acofiaTiSiaxou upoTU-KOU \ie oxotio tt] 8i,Eu^eTir]or] tou xoo^oXoyLXOu TipopXr][iaTOC Tr]C SxoTEivrjc; 
TXric ETiiTUYXaveTai tjs ttjv UTio(|)r](pi6Tr]Ta jia ^u)(p"r| Exotsivt] TXt] tou EXacppoTaTOU TTiepautatJETpixou 
EwtjaTiou. ST^r] SiaTpiS^f] auTr], unoXoyi^ETai ?] TiapdtJSTpoc; xoanoXoyixric; TiuxvoTriTac; evoc; EXacppoTaTou 
TTtepautatJETpixou SwtJaTiou [Jop9r](; Bino, autaTi£piXa[jpdivovTac; 8i,a8i,xaa[Ec; 6)(i ^ovo aXXr]XoxaTaaTpo(pT](; 
aXXd xai auYjevixric, xaTaoTpofprjc [iE Ta Tiapofioiac [id^ac sleptons. O auvunoXoyiafioc t«v SiaSixaaicbv 
auTWV Eivai a"r|[javTix6c y''°' ti'l [JEiwor] ttjc Tiapa[a£Tpou xoaiaoXoyixr^c nuxvoTriTac axa ETiipaXX6[jEva opia 
aizo Ta oEvdpia 8ojir]C ttjc SxoT£ivr]C 'TXr]C, yi-a opi.a[j£vr] nEpiox'T] napaiasTpcov tou jaEXETOU[j£vou a6j[aaTi8i- 
axou TipoTOnou. EtiitiXeov, fpaivo[J£voXoYi.xo'. TiEpiopiofioi EnipdXXovTai aTov napafiETpixo X(i>po, oi OTioioi 
■KpoEpxovTai, omo tic, UTiEpau^^ETpiXEc; SiopiJcjaEK; tcjv y.a.Z,<i>v tou fo-quark xai t«v [ino^oviwv Higgs xa'dchc, 
xai aTio Tov avr]YH£vo Xoyo tt]? SiaSixaaiac; b — > S7. To nXaiaio ^eXett]? scpapfio^ETai as 860 exSo^ec; 
TOU EXd)(iaTa TTiepauijiJETpixou Ka'dispcofiEvou IIpoTUTiou [ds TiayxoafiiEC ap)(ix£c; auvdrixEC, Evonoirjar] 
Tuv ^EU^EWV BaiO^iSa? xai napapiaor] TT]? r]XEXTpao^Evouc; au^^ETpiac; ^saw xPavTixwv SiopiJwoEwv. STir]v 
TipuTT] ExSo/rj TOU TipoTUTiou OL ap/LXE? ouvdrjxEc; TipoEp/ovTai ajio Tir]v xaTdppEuor] TT]? TTiEpPapuTr]Tac; xaL 
UTioTWETai EvoTioir]ar] t«v ^eu^ewv Yukawa. H [id^a tou Bino [JTiopsi va xufiaivETai. aTio 215 GeV «c 770 
GeV ^E Tr\ ^d^a tou a^sawc; pap^TSpou stau va ^TiopEi va Eivai ano 8-0% ^EyaXuTEpr]. H au^paT6Tr]Ta twv 
cpaivo^EvoXoyixuv nEpLopLo^uv, nou upoEp/ovTai ano tt] ^d^a tou 6-quark xai tou avr]YHevou Xoyou ttjc; 
SiaSixaaiac b S'j, ETiiar]C, eXeyxsto"- Stt] SEUTspr] exSoxt] tou TipoTUTiou 01 apxixsc auvdrixEC Tipospxov- 
Tai ano TT] ©Ewpia Hofava-Witten xai E^STdS^ETai r] TauTOXpovr] ixavoTioirjor] twv (paivo^svoXoYixwv xai 
xoa^oXoyixtov TiEpiopia^tbv ^e TiXi(]pr], ^EpixV] y] ^r] EvoTi:o[r]air] tuv ^Eii^Euv Yukawa. H nX^pr]z xai rib — t 
£voTioir]ar] [inopoOv va aTioppi(pi5o6v ev(x> r\b — t anaiTEi oxeSov aiioXuTO sxfpuXiafio t«v [ia^wv tou Bino 
^E TO EXa(pp6TEpo stau. H mo cpuaixv] ■KEpinTuar] Eivai i\ \j.r\ zvoizoirpy] tcjv ^eu^ecjv Yukawa, xaTd tt] oTioia 
r] ^d^a TOU sXacppoTaTOU sparticle ^nopEi va xu^aivETai ano 70 GeV uc; 670 GeV ^e tt] ^d^a tou a^Eouc; 
PapuTEpou sparticle va ^nopEi va Eivai ano 93-0% ^EyaXuTEpr]. 
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II 



KecpdXaLo 1 



O -J-Xoc, Tr\c. 8L8axTopLXi(]c; SLaxpipy^c; tzoxj ■Kapouaid^sxai, eivai ^aivo^evoXoYia xai Koay.dXojia twv Tiisp- 
oujijiSTpixuv EvoTioi,r][ievuv QeupLuv Ba^^iSac. titXoc "da r]Tav tzio axpi.pir]c; av avacpspoxav r] xauTOxr]- 
xa Tuv "dscopicov pai}tj[8ac nou sks^j^ovTW. xai xa (paivo[a£voXoYixd( xai xoo^oXoYLxd xpLTrjpia nou XPT^'-" 
^OTioLOiivxai. H napox'/^ auTtJv tuv ETie^TiYTli-iaTixcov Sisuxpiv/^aecjv xaiStJc; xai T] napouaiaar] xr]? So^y]? tou 
XEi^evou Eivai, o axonoc auxoO tou EiaaYWYLXou ar\\J.eiu>\daTOQ. 

Sr][i£io £xxivr]ar]c xdiJs vswTspiafiou ott] SuYXpovr] $uaixr] I]T0ixei.u8wv Su^aTiSicov eivai to KaiJiEp- 
ufjsvo npOTUTio (: SM). Ka'dispco^evo c^q xoivd aTioSsxTo. TiaaiZ,ZTW. otl? nEipa^aTixd sXsYfisvec 'dscopiec 
Twv "r|X£XTpojiaYvr]Ti,xwv (QED), tuv ao^evuv (decopia Fermi) xai, tuv layupdiv aXXriXsTiiSpdaewv (QCD). 
To TipCjJTo EiSoc; aXXr]XETi:[8paar]c; EU^OvETat yI'Q' SiaSLxaatEc; ^ETa^u r]XEXTpixd cpopTia^Evwv aw^aTLUv, to 
SeOtepo x^a TT] [iETaTpoTiV] vETpoviwv as upoTovia xaL to TpLTO Yia SiaSixaaiEc; ^ETa^ii aSpoviuv, au^aTi- 
uv ^E fpopTio xp^f-iaTOC. H ETiiTUxia TOU SM auviaTaTai as 860 xupiu? ar]HE[a: EnLTUYxdvETaL ^ii,a xoivV] 
■KEpiYpacpr] xai tcov Tpicov aXXr]XETii8pdaEcov [ds XP'^'^'^ XaYXpa^iavrjc; avaXoiUTr]? xdTU ano Tr]v Tonixr] 
ou^^ETpia SU{3)cXSU{2)lxU{1) xai ETiiXuETai to Tip6pXr][ia ttjc; ETiavaxavovixoTi:oLr]oi^6Tir]Tac ttjc "dEwpiac 
Tuv aa^Evtbv aXXr]X£7ii8pdaE«v [iE to [ir]xavia[i6 Higgs, xaTd tov onoio [iEpixd ano Ta [iTio^ovia paiOfiiSac 
EcpoSid^ovTai \ds (adCa [je TauToxpovY] xaTdppEuar] T'r]c; apxix-f](; au^ifiETpiac aTr]v SU(3)c x f/(l)£;M- O 
Hrjxavia^oc Higgs 8ev exei ETiipEpai«i5Ei TiXif^pcoc;, yI'O't' itpopXEHEi Tr]v Onap^r] pa'dfiWToO awfiaTiou to oholo 
8ev exei ■KapaTr]pr]'dEi axofia. Extoc ano to aw^dTio auTO, ^ETd Tr]v npoacpdTWC EniTEUX'dEioa avb/yeuar] xai 
tou top quark, 6X0 to utioXoitio acofiaTiSiaxo (pda[ja tou SM exei EnaXiq^EUTEi nEipafiaTixd. Auto SofiEi- 
Tai ano cpEp^iovixd nESia uXr]? (XETiTOVia xai quarks SiaTETaY^iEva as xpsic. "xsvssc) xai touc; ^noSlovixouc; 
SiaSoTEc; Tuv aXXr]XETii8pdaEuv. 

Ilapd Tr]v a8La^cpioPir]Tr]Ta orj^avTixii] ETiiTUXia tou SM, sivai xoivd anoSsxTO oti 8ev [dnopsi va anoTEXsoEi 
Tr]v teXixt] andvTrjar] oTa upopXrifiaTa Tr]C $uaixr]c; StoixeicoScov ScofiaTiSicov. H papuTrjTa 8ev nEpiEXETai 
xa^oXou OTO (pop[iaXia[i6 xai r] Evonoirj^Evr] Eixova nou TipoacpspETai -xia Tr]v nEpiYpacpr] tuv u-koXoi-kuv 
aXXrjXETiiSpdaEuv Eivai cjjEuSETiiYpacpr], acpoO 01 oTa^EpEc; ^Eu^rjc tcou axETi^ovTai ^e tic; aXXr]XETii8pdaEic; 
auTEc; Eivai 8ia(pop£TiX£c; [JETa^O touc. Me axono Tr\v dpa"r) tou 8£UT£pou [J£iov£XTr][iaToc; 8iaTUTi6bi5Y]xav 01 
MEYaXo-EvoTioir][i£V£c GECopiEc Ba-dtiiSac (: GUT). Oi 'deo^pisc, au^ec, paai^ovTai as ofidSsc ou[a[a£Tp'.ac; 01 
OTioiEC nEpiExouv auTY] TOU SM. Me tx] uio'd£Tif]or] xdnoiac; ano auTEc; tic; ofidSEc; oufi^ETpiac Eivai SuvaTOV 
as u(jir]Xri xXi^axa EVEpYEiac;, Mq ~ 10^^ GeV, va etiiteux'Oei T] TiEpiYpacpr] xai twv Tpiuv aXXir]XETi:i8pdoEOV 
\ds Tr]v [8ia oTa^Epd Z,s6^r]c.. Ms Tr]v xaTdppEuor] ttjc apxixric aufifiETpiac jiTcopEi xavEic; va xaTaXy^^Ei as 
amfi TOU SM xai [is Tiqv XP^^^^ ''^'^ E^iacioEwv o^dSac; ETiavaxavovixoTi:o[r]ar]c; r] apxixV] aTaiJEpd Z,s6Zr\z 
^TiopEi va E^EXrjx^ei otic; aTaiJEpEc; ^s6Zr\z tou SM. 

H iSsa auTT] Eivai eXxuotixit] aXXd -Kapouoid^Ei 8uo XEiTOupYixd TipopXr][iaTa: 

• To Ti:p6pXr]Ha Tr\c. iEpdpxr]ar]t; (hierarchy) twv y.a.Z,(hv. E^cpavi^ETai sva EVEpYEiaxo xda^a avd^Eaa 
aTr\v xXi^axa tou SM Mz ~ 10^ GeV xai aTr\v Ma X"P^? '^^'^ TipopXEtJjr] veuv au^aTiSiuv. Etii- 
hXeov aXXr]Xo8iaYpa(p£c; ttjc; Td^r]c; twv Mq anaiTOUVTai oto TiXaioio tou ^ir]xavio^ou Ty]c. ETiavaxavov- 
ixoTioiar](;. Kai Ta 8uo auTd (paiv6[aEva "dEwpouvTai acpuaixa. 

• To Tip6pXr]na Tr]c. EvoTioir]ar](; tcjv aTaiSEpwv ^E65r]C- Aidcpopoi eXeyxoi axpipEiac; sSEi^av oti r\ e^eXi^k] 
Tuv oTa^Epuv Z,s\£,y]c. \is to ou^aTiSiaxo TiEpiEXO^EVo tou SM 8ev ouyxXivei oto Mq- 
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Kai xa 8uo auxd TipopXrjuaTa SieuiOETOUVTai xaxd xpoTio ixavoTioirixixo gto TiXaiaio xou EXd)(ioTOU Tnep- 
ou[i[i£Tpixo6 Ka^LEpu^Evou IIpoTU-KOU (MSSM). AeyeTai UTiepaufifiSTpixo ■xicczi TiEpi£)(£i as xd^e ou^dTLO 
(cpsptjiovio ■/] tJTioCovio) xou SM eva unEpaufifiexpixo aOvxpofpo ([iTio^ovio y] cpEp^LOVLO avxiaxoL)(a) xaL 
eXdxiaxo jiaTi Ti£pi£)(£i xov eXaxLoxo api^^o and xexoia ETimXsov o«[jdxia. 

Me pdoT] xa £Tii)(£ipr][iaxa 71:01) Exxe'dr]xav napandvu, undpxs'. [Jia apxsxd axepair) aixioXoYi^ar] xr]c siti-- 
Xoyr]? xou MSSM coc iJewpiac; avwpopdc; axr] Siaxpipr] auxr]. Mia napouaiaar] xou upoxuTiou auxou "da 
eTiixei.pr]'d£i axo KecpdXaio 2. 'E^cpaor] "da SoiSei 0x0 aw^axiSiaxo cpdo^a nou "da QmoxEXsoei. xaL xo tieSio 
EpEuvac; oxr] auv£)(Eia. 

To SsuxEpo aSiEuxpiviaxo £pcoxr][ia xou xixXou xr]c 8iaxpipr]c Eivai 01 cpaivofiEvoXoyixoi TiEpiopiafioi tiou 
•da ETiipXr]i5ouv axo etilXey^svo aw^axiSiaxo npoxuTio. Auxol exxMevxml axo KEcpdXaio 3 xai npoEpxovxai 
ano xLc; SLopiJuoEic; nou Xa^pdvouv 01 ^d^Ec; xuv cpEp^ioviuv xai. xuv Higgs xr]? dzc^piac, xa^uc; xai aizo 
xr]v SiaSixaaia b 57. Dapouoid^ExaL avaXuxLxd xo xu-KoXoyio tzou Ecpap^ooxEi ■KpoEp/o^Evo ano xr] 
ouYXpovT] pLpXioypacpia. 

napdXXr]Xa ^e xo au^axtSLaxo UTidp/Ei xai Eva Ka^iEpu^Evo Koa^oXoyixo Hpoxuno (: SBB), xo onoio 
i5a aTioTsXEaei x^r] pda^r] xwv xoaiJoXoyixtov ava^rix-f]a£«v xr]C 8iaxpipr]c. Exr]v nEpiypacpii^ xou npoxuTiou auxou 
Eivai acpispcJUEvo xo KscpdXaio 4. Es auxo "dE^EXicovExai r] aua)(£xiar] xuv GUT ^e xr]v xoa^oXoyta, xa-dchc, 
EVEpYEiE? xir]c; xd^r]? xr]? Mq ^nopouv va e-klxeuxtJouv 0x0 noXu npui^o Su^nav. H iSsa xou IIXir]^upLo^ou 
ETiiar]c napouaidS^Exai xaiOcoc r] EiaaYWYil ™'-' ^EupEixai avayxaia -xia xr] iJEpaTiEia xdnoiuv axEXEiuv tzou 
E^cpavi^Ei T] apxEyovr] nopcpn] xou SBB. 

Sxo KEcpdXaio 5 PpiaxEi aTidvxr]ar] xo xpixo i^E^a xou xixXou Tr\c. Siaxpipy^c;. To xoa^oXoyixo ■Kp6pXr]na 
nou SiEpEUvdxai Eivai auxo xr]C Sxox£iv/^c 'TXr]C- H Onap^r] [iia xExoiac; [jopfpric; uXr]C Eivai avayxaia yia 
xr]v Ep^rjvEia xr]? £Ti:m:E86xr]xac; xou ouyxpovou Su^Tiavxoc;. To MSSM EcpoSiao^svo [is xr]v i?-ou^^£xpia 
Siai^EXEi Evav xaXd aixLoXoYr]^EVo UTi:o(J;ri(pio -xia xr] Xuor] xou npopXri^axoc; xr]? SxoxEivr]? 'TXr]?. Eivai xo 
EXafppOTaTO UTi£pautj[j£Tpix6 awijdxio (: LSP) xo onoio Xoyw xr]? iipor]You[i£vr]? aufifiExpia? sivai suaTaiJE? 
xai aaiOEvcj? aXXr]XETii8p6v. Ta asvdpia SofiH]? xr]? Exoxeivi/]? 'TXr]? Tiaps^ouv TiEpiopiaxixd opia yia xr]v 
napd^Expo xoa^ioXoyixi/]? Tiuxv6xr]xa? (: CRD) xuv LSP. H ^Ei)o8o? unoXoyionoii xr]? napa^Expou auxV]?, 
autJTTEpiXafipdvovxa? SiaSixaaie? aXXriXoxaxaaTpo^ri? (: ANE) xai auyYEvixr]? xaxaaxpocpr]? (: CAE), 
EXxit^Exai XETixo^Epsiaxd, ^e scpap^oyr] as LSP ^lopcpr]? Bino. To ar][jLsio auxo Eivai xo tiio XEVxpixo xr]? 
Siaxpipr]?, yi'Q'Ti ■Kapouoid^ovxai avaXuxixd anoxEXEo^axa npuxoxuTiuv unoXoYio^uv tzou ou^pdXXouv oxov 
axpipii^ npoaSiopiafio xr]? CRD. 

H api'd^r]xixr] uXonoirjor] xwv iSecjv nou avaTzxdx'&T^xav napandvw TiEpiypdcpExai axr] auvE^Eia xr]? 81- 
axpipy]?. To TiXaiaio ^lEXsxr]? ECpap^o^Exai as 860 exSoxe? xou MSSM ^e Tiayxoa^iE? apxiXE? auvdi(]XE? 
yia xou? opou? aaiSEVou? napapiaar]? xr]? UTiEpaufifiExpia?, £VOTTOir]ar] xcov (^eu^ecov BaiJfiiSa? xai napapi- 
aor] xr]? r]XEXxpao'dEvou? ou^^Expia? ^sow xpavxixwv SioptJcoaEwv. Sxo KEcpdXaio 6 ^EXExdxai ^la ExSoxr] 
xou MSSM ^E naYXoa^iiE? apxiXE? auvdi(]XE? npoEpxo^EVE? aTio xr]v xaxdppEuar] xr]? TnEpPapiixrjxa? xai 
£voi:o[r]ar] x«v ^eO^ewv Yukawa. Bpiaxsxai r] nEpioxr] xou napafiExpixou x^pou nou ixavonoiei xou? xoa- 
^ioXoyixou? TiEpiopia^ioO?. Eniar]? SiEpEUvdxai r\ au^pax6xr]xa xwv fpaivofiEvoXoyixcov TiEpiopiaficov. Sxo 
KEcpdXaio 7 ^EXExdxai ^la ExSoxr] xou MSSM ^e apxiXE? ouvdr]XE? npoEpxo^EVE? ano xr] iJEupia Hofava- 
Witten. E^Exd(lExai r] xauxoxpovr] ixavoTioir]ar] xcov cpaivofiEvoXoyixcov xai xoafioXoyixwv ■jiepiopiaiacov [ds 
TiXr]pr], ^Epixr] r] ^r] EVOTioir]or] xwv (Ieu^ewv Yukawa. Ta ou^TiEpdo^axa oxa OTioia o8r]Yl^oE f] spEuva xwv 
Tipox(JTi:uv auxtjv auvoc|j[Covxai axo KEcpdXaio 8. 

Oi avacpopE? nou ouaiaaxixd auvspaXav axr] [iEXsxr] xou i5£[iaxo? xr]? Siaxpipr]? Exx^Evxai axr] auvs- 
XEia xou XEi^Evou. npoxi[ir]i5r]X£ r] ETiiXEY^Evr] jiapouoiaor] Tiapd r] ouvoXixr] xaxaypacpr] xr]? owpEia? xwv 
8r]^ooiEuoEuv Tiou xuxXocpopouv oxExixd ^e xo ^eXexou^evo avxixEi^Evo. 

Fia xr]v xaXuxEpr] xa^iv6[ir]ar] xou uXixou xr]? Siaxpipr]? ey'-ve T] EniXoyr] xr]? 8idpi5war]? xpiuv Ilapapxr]- 
^dxwv. Sxo IIapdpxr]Ha A' EXxMEvxai 01 E^iacjaEi? ETiavaxavovixonoirjar]? nou xpf]'^^y-OT^oif[dr\xav axo 
api^^r]xix6 npoypa^^a. Oi xavovE? Feynman xai 01 au^pdaEi? nou auvoSEiiouv xr]v ECpap^oyV] xou?, xaiJcI)? 
xai xpia Tiapa^EiYf-iaxa x«v avaXuxixcov UTioXoyiaficov nou syivav axo nXaiaio xr]? Siaxpip^]? napouaid^ovxai 
0x0 napdpxr]^a B'. TeXo?, npo? SiEuxoXuvor] xou avayvwoxr], 'dECiL)pr]i}r]XE oxoni^r] r] ouvoXixr] xaxaypacpr] 
xuv axpovu^iuv nou opi^ovxai xaxd xr] SidpxEia porj? xou xei^evou, 0x0 IIapdpxr]^a F'. 



KaiSiepco^evo IIpoTUjio 

2.1 ELoaYtoYK] 

Eivai TTspa ano xouc; axonouc auTTjc; ttjc spjaaiac, r] [JEXexr] Trjc; TuspaufifiSTpiac. 0a £Tii)(£ipr]'dEi 6[jwc;, [Jia 
nspisxTixr] eiaaywY"'! ''^o' s^onXi^si xov avaYvwaxr] [i£ Tr]v unoSofiii^ nou xpsia^STai, y'-m va TiapaxoXou- 
^y^cJEi Tiio avExa xrjv Jiapouaiaar] xou Kkaxi-OTa T-Kepau^^expLXoii KaiSiepwtjevou HpoxuTiou (: MSSM) 
Tiou Eivai o xupiwc; axoxoc xou xscpaXaiou auxou. Sxr]v upooird-deia aux^f] TToXuxitJ'r] UT:-f]p^£ y] sfiTisipia 
nou aTioxo[jia'8T]X£ aico xr] jisXexr] xcov avxiaxoi)(cov xecpaXaicov TiaXaioTSpwv SiSaxxopixwv Siaxpipwv xcov 
Av. [1], [2] xai. [3]. Eniarjc;, tioXXec sivai oi )(pir]ai[i£c £TiiaxoTiir]aEic tiou xuxXotpopouv axo SiaSuxxio aye-ix& 
[JlE to MSSM ano tic, ono'iec, tiio )(pr]aitjec; iJewpouvTai, oi Av. [4], [5], [6], [7] xai [8]. Q.C, tiio T:ai8aYWY'->^''l o[J-<j^Q 
a^ioXoYEixai r] Av. [9]. Oi aufipdaeic, 6xi oficoc 7iXr]pcoc xai o aufipoXiafioc, tiou ui,ot>ex-f]t>rixav sivai auxsc 
XT]? Av. [11], OL OTioiec; Ppiaxovxai as a.y.sar] auajSTiar] [is tic, xpi^cyL^OTioLOii^Evec; aTio tic, Av. [12], [13]. 

To XEfpdXaio ap/i^Ei [is xr]v xaxaYpafpT] x«v )(apaxxr]piaxixcov [iiac TTiEpaufifiExpixiric Gswpiac Ba'dfJiSac 
axo E8. 2.2 xai axr] auvsxsia t] [iEXexY] e^siSixeuexai axr]v TiepiTixwar] xou MSSM. Sxo E8. 2.3 Y^vsxai o 
xa^opio^oc; xou TipoxuTiou, oxo E8. 2.4 [asXExdxai o [ir]xavia[i6c Higgs, oxo E8. 2.5 e^dY^™'' ™ SUSY 
cpdafja xou TipoxuTiou xai xeXoc; oxo E8. 2.6 E^exd^exai r] paoixr] aXXir]XETi:i8paor] tiou iJa xpr]oi^OTioiir]^ei oxr] 
ouv£X£i-a ti^C 8iaxpiPir]C. 

2.2 TTtepau^^expLxsq Qsoipisq Ba'dp-LSaq 

Exo^oc 8ev eivai r] tJECoprixixr] iJe^eXiwar] xr]<; UTi£pau[j[a£xpiac aXXd r] scpapjiOYr] ttjc TipoxuTixouoac; lOEwpiac; 
oe xo«[-ir]Xir] xXifiaxa svEpYSiac;. 0a eTiixsipT|t)£i [Jia axpoBaaia avdfisaa axr]v TiepiYpacpixi] EioaY^Yil 
aT:apaiTr]TWV svvoiwv xai axr]v Tioaoxixr] sxtppaar] xdTioiwv aTiOTsXsafidxcov tiou E(pap[i6(lovxai suxoXa axr]v 
TispiTixwa'r] xou MSSM. Ei8ix6x£pa axo E8. 2.2.1 siadYovxai oi apxiXEc evvoisc; x"r]c; SUSY xai otT] auvexsiot 
y] [JsXsxr] [lac, TipooavaxoXi^exai as eva yevixeu^evo SUSY TipoxuTio E(po8iaatjevo [le [Jia xotiixt] au[J[jexpia 
Pa'd[i[8ac. Sxo E8. 2.2.2 Tiapouaid^Exai r\ XaYxpa^iavT] xou TipoxOTiou auxoO, axo E8. 2.2.4 EXx^Evxai oi 
8uvaxoi opoi TiapapiaoT]? xr]? SUSY tiou 8uvavxai va xaxaoxiaouv xr] XaYxpa(liavr] ami] cpaivofisvoXoYixd 
Ev8ia(p£pouoa xai oxo E8. 2.2.5 8ivExai r] ^E'do8oc; E^aYUYi'l? lou ou^axi8iaxou cpdofiaxog. IlapEfiPdXXExai 
xo E8. 2.2.3, axo otioio axiaYpacpEixai r] X6ar] xou TipopXv^^axoc; xr]? lEpdpxrjar]?. 

2.2.1 EiaaytoYTj tt]<; SUSY 

H UTiEpou^^Expia (: SUSY) eivai tjia autjtJSTpia tiou ouoxexi^ei cpepfiiovia xai ^Tio(16via. tiio Tipowi}r]^£voc; 
xpoTioc; EiaaYWY'TiC; xr]? eivai [je xrjv XP"'l'^''"i "''"i'^ evvoia? xou TTispxwpou. Exo xeXo? ^la? apxExd TioX^TiXoxr]? 
8ia8ixaa'.a? sivai ae tJsar] xavsi? va xaxaaxsudaei XaYxpaO-avs?, oi otioie? Eivai avaXXoiwxs? xdx« aTio 
xou? SUSY [i£xaaxr][aaxia[Jo6? xai Tispisxouv xov i8io apiiO^o ^itio^ovicjv xai (pEp^ioviwv. H TiopEia ami] 
^a ETiiX£ipr]'dEi va TiEpiYpacpEi [is xa Tiapaxdxw or]HEia: 
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EXd/LOTa Tn£pau[j[j£TpLx6 Kocdiepcdijevo UpOTuno 



a. Tnep-dXYsPpa (Superalgebra). Kdcdw^ x] SUSY sivai [dia ou^^expia "da TipsTisi va ava(lr]Tr]i5ouv oi 
YEvvir]TopEc; tiou Tiapdyouv touc; SUSY [iETaaxr][iaTia[iouc;. EtielSit] auxoi npETiei. va [isxaaxr]- 
[iaxi^ouv awfidxia [is SiafpopsTixo spin ir.e-.ai oti Sev i5a [inopoOv va [isxaxMevxai [i£ xouc ■x£vvf\Top£Q 
x«v axpocpwv xrjc; o^dSac; Poincare. H o[id8a auxif^ uXonoisi xr] au[a[a£xp[a, tiou aepexai r] K- 
Pavxixf] Gewpia IleSiou xaL YEvvif]xopEc xouc P/j., M/^^, oitou o Y£vr]xopac x«v )(«po)(povixCjJv 
[iExaxoTiiascov. Enofievcoc, UTidp)(£i [iia elSotioioc Siacpopd avdfisaa axr] SUSY xai axic y^"'^''^£C au[i- 
^Expiec; pa^^iSac, oi Ysvvrjxopec xcov onoicov [jexaxi'dEvxai [is xouc P^, M^i,. EhiuXeov, xo ^ewprj^a 
Coleman-Mandula aTiaYopEUEi xr]v imap^r] [Jiac jasxa'dExixr]C dXYsPpac (Lie) -xia oxoL/Eia nou 8ev 
[iExMevxai. [je xouc P^, M^i,. ETio[isv«c, oi Y£vvr]xop£c Tr]c SUSY UTiaxoOouv ae [aia avxi-taexa'dexixr] 
d^YsPpa (xai oji ^Exa'dsxLXir]) nou ovo^d^exai Tnsp-dXYeppa. E[vai, 8r]Xa8ii^, OTiLvopiaxd xaxaaxeud- 
o^axa xaL ouvrj'duc ou^poXi^ovxai Qa xai Qa (otiou a = 1,2 Seixxec Weyl spinor). P^ auvzyjZzi 
va [iExaxMexai \xz xouc yz'M^r\Topzz xr]C SUSY TipdYfia tiou ar][iaivEi 6xi r\ [isxaxpoTir] cpEpfiioviou az 
[XTidC^ovio xaL xo avxiaxpocpo Ssv i5a auvoSsusxaL [xz ^exapoXr] ^d(lac. ETiiorjc ol YE'^'^'HTope? ™v 
au^^expLtJv pai)^[8ac (xotilxCjJv y] oXlxCjJv) ^exaxMEvxai xouc Qa, Qa TipdY^a tiou aiy.aivz\. oxl 
01 UTiepaufifiExpixoi auvxpocpoi "da zy^o\iv xouc iSiouc xpavxixouc api^^oOc tiou a^EXL^ovxaL \j.z xic 
au^^expLSc auxec (r]XexxpLx6 cpopxLo, acrdevsc UTiepcpopxio, yip<!d\ia) 

p. TTi£p-x"poc (Siipcrspace). Oi Qa, Qa xai P^ 8r][iioupYouv laia ojidSa aufifjExpiac, t:ou SofiEixai aTio 
^£xao)(r]^axio^ouc \dz Tiapa^expouc tiou (louv oxov UTiepxwpo 8 Siaoxdoewv: {x^ , 9^,0 a), otiou 6a, Sa 
Eivai avxi^exaxiiJE^Evec nexapXr]xec (Grassmann) tiou ETiiauvdTixovxai axouc Qa, Qa- A^ioTioitJvxac 
XT] ^o\di] xr]c o[ad8ac tiou SiaiJexouv auxoi oi [iExaaxrjfiaxiafioi [iTiopsi va PpE-dsi r\ Siacpopixy^ avaTiapd- 
axaar] xwv Qa xai Qa xai etio^evuc, ^iTiopEi va etiixeux^Jei o utioXoyio^oc xcjv SUSY ^Exaaxr]na- 
xLo^uv Tidvu az (uTiEp-)TiE8ia. 

Y- TtieptieSio (Superfield). Suvapxr]aEic [dz tieSio opia[iou xov uicEpxwpo ovo[id(lovxai UTiEpTisSia. Ava- 
Tixuooovxai az TioXu(i)VU[ja xwv 6a, 6a [J£ ouvxeXeoxec TiESia, auvapxrjaEic xou x^. Hpocpavcoc xo 
avdTixuYf-ia az Suvdtjsic ~wv 6a, 6a axatjaxd az xExpaYWvixouc opouc, yiaxi \6j(x> xr]C [iopcpii^c Grass- 
mann auxwv xwv [a£xapXr)xa)v avwxEprjc xdcr]C opoi [ir]8EviCovxai. ETiofisvwc ^i^i^opEi va eiticjiJei tiio 
aTiXoTioir]xixd oxi xa UTiEpTiESia Eivai aiivoXa aTio TiESia tiou avxiTipoauTiEOouv au^dxia SiacpopExixoO 
spin. EiodYovxai 8uo EiSr] utieptieSiuv : 

• TtieptieSio )(Ei.paXX6xr]xac (chiral), tiou auviaxaxai aTio sva cpEpfiiovixo tieSio 8uo Weyl auvi- 
oxuawv xai xov SUSY Exaipo xou, sva [iiYaSixo paiJ^coTO tieSio, tiou ovo[id(lExai sfermion. 
ETiofiEvwc, "Of UTiEpTiESia jzipaXkoTTiTac, xpi^oiHOTioioiivxai yia xr]v avaTiapdaxaar] xuv tieSiuv 
6Xr]c cjxic SUSY iSEupiEC- 

• Aiavuo^axixo utieptieSlo, tiou auviaxaxai aTio Eva Siavuo^axixo ^tio^ovixo tieSio xai xov SUSY 
Exaipo xou, Eva cpEp^iovixo tieSio Suo Weyl auvioxuauv tiou ovo^d^Exai gaugino. Etio[J£V6)c, 
xa Siavuo^axixo UTiEpTiESia )(pr]ai[iOTioiouvxai yia xr]v avaTiapdoxaor] xuv tieSluv paiJfiiSac axic 
SUSY ^EupiEc. 

Kai axic S6o TiEpiTixtoaEic tiou Tipoavafpsp'drixav exxoc aTio xic cpuaiXEc auviaxtJCJEc UTidp^ouv xai 
xdTioiec 3o'r]i5rixixec- Oi e^iawasic xivrjarjc xwv tieSiwv auxwv Ssv Tiepiexouv xpovixsc TiapaYWYouc, 
Xpr]oi^OTioiouvxai, oficoc, yi-a xr]v E^iowor] xwv ^tio(1ovixwv xai (pEp^iovixwv paiS^wv EXEU-dEpiac evoc 
utieptieSiou xai ^exe/ouv oxic EXcppdoEic xuv SUSY ^Exaoxr]^axio^uv xuv dXXuv ouvioxuouv xou 
utieptieSiou. 

5. TTiEpSuva^ixo (Superpotential). Mia TioXuuvi^ixi/] auvdpxr]ar] xuv UTiEpTiESiuv ovo^d^Exai UTiEp- 
Suvafiixo. O ■)(_°'-paKT'f\paQ xai oi iSi6x'r]xec 'T^c, auvdpxr]aY]c auxTjc xaiJopi^ovxai aTio xo (popfiaXia^o 
xuv UTiEpTiESiwv. Hapaxdxw xaxaYpdfpovxai oi iSi6xr]XEc auxsc X'^P'^ iSiaixEpr] aixioX6Yr]ar]: 

• Eivai avaXuxixV] auvdpxrjar] xuv UTiEpTiESiuv, Sev ETiixpETiExai va TiEpiEXEi opouc TiapaYt^Youc- 

• Eivai auvdpxrja'r] [jovo UTiepTieSiwv x£'-po'^^o~''l~o''^ "^o"- [JdXiaxa Sev ETiixpsTisxai va TcspisxEi £va 
UTiEpTiESio xsipof^^oxrixac xai xo ^lYaSixo y] Ep^r]xiav6 ou^uyec tou (oXo^opcpixif^ iSi6xr]xa xaxd 
xr]v opoXoYia xr]c Av. [6]). 



2.2 TnepauyiyieTpLxez ©ecypiec; BadytiSac; 
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• Ilepiexei opou? [xz 8uo xai xpia unepneSia. 'Opoc; tje sva UTCEpneSio Sev siadysTai. y-o^'^ 
^Tiopei va SuoEL EvSiacpepovxEc; cpaivo^EvoXoYixd opouc (xi.vr]Tixr]C evspyeiac r] aXXr]X£Tii8paar]c) 
Evcl) opoL nEpLaaoTEpa ano Tp[a UTiepTieSia Sivouv ^eup[a \j.r\ eTiavaxavovLXOTi:oLi(]aL^r]. 

'Onuc "da cpavei xai, axo E8. 2.2.2, aTio to UTiEpSuva^LXo upoxOnTouv oi F opoi yia to Suva^LXo 
TY]c; {(swp'.ac; xai oi opoi twv aXXriXeTiiSpdaswv Yukawa t«v (pEpfiioviwv <J£ touc [ino^ovixoOc; touc 
auvTpocpouc, Tipdyfia nou auvioTd Tr]V tiio arj^JavTixr] xaivoTO^ia tcov SUSY 'dscopiwv. Suvetccoc, to 
unEpSuvafiixo a-KOTEXsi Tir]v TauTOTTjTa [iiac SUSY ^eupiac; acpou tov xaiJopLo^o tou, xaiJopiCovTaL 
xaL Ta paoLxd xapaxTr]pioTLxd tt]? ^eupiac; auTr]?. 

E^onXiafiEvoc xavsic [is oXa auTd Ta aOvepyot S'.vai as •Qiai] va xaTaaxsudaEi SUSY avaXXoiWTSc 8pd- 
asic,. 0a upenEi va oXoxXr]pcov£i x<j^P'->'0', (8r]Xa8ir] opia^a oXoxXif^pwar]? to d'^x) y.ia excppaar] yia tk] 
XayxpaCiavir], ttjc; onoiac; o SUSY ^ETao)(ir]naTLo^6c; va EivaL oXixrj TiapdywYO?- Tote j] Spdor] tt]? ^ETao/r]- 
tjaTia[a£vr]c XayxpaSliavric i5a [ir]8Evi(lETai. H aTiaiTrjari, £Tiiar]C Tr]c ETiavaxavovixo7ioir]ai[i6Tr]Tac Tr]c "dEcopiac 
o8r]YEi o)(e86v vo^OTEXiaxd oTrjv xaTaoxEur] auyxExpiHEvrjC ^opcprjc; 8pdaEwv. Oi ap^iXEc; auTE? ^opcpsc; tiou 
EivaL EXcppaa^EVEc; axr] ■x^Cxtaaa tuv utieptieSluv ^Tiopoiiv va ^ETacppaoToOv axf] ■x^Cxtaaa tuv auvLaTuatJv 
xai [iE TOV Tpono auTO va irpoxucJjEi [iia EuXr]TiTr] SUSY -dEwpia. 

H nopELa Tiou axoXou-dEi xavEic; aTr]v ^eXetk] auTtJv twv t)Ecopicov Eivai r] E$r]C- Ap^ixd, ^EXETdTai 
TO -KpoTUno Wess Zumino to onoio anoTEXEiTaL ^ovo ano nESia uXr]?. Eho^evuc;, r] i9Eupia tzou Tipoxu-KTEi 
TiEpiEXEi iao apiiOfio [iTio(lov[cov xai (pEpfiioviwv [je aXXr]XETii8paar] ETia(pr]C X'^P^'^ oijwc; cpopsa aXXr]XETii8paar]c. 
Ett] auvE)(Eia ^EXETdTai ^la SUSY r]XEXTpo8uva^iixir] ^e Tr]v EiaaYWYi*! svoc 8iavua^aTixou uti:epti:e8iou xai 
TT]? aTi:Xo6aTEpr]c; SuvaTV]? au^^ETpiac; paiJ^iSac;. Ee auTiZ] Tr]v ^Eupia, extoc; aTio Ta nESia 6Xr]c; TipoxiiTiTEi xai 
Evac dfia^oc [inoCovixoc; (popsac; aXXr]XETi[8paar]C [laCi [JE to (pEpfiiovixo tou auvTpocpo. TsXoc sniTUYXavsTai 
^iia SUSY i^Ewpia [is [iia ^r] aPsXiavr] ou^^ETpia Pa'd^i8ac. H Tiapouoiaor] tt]? ^lac; TSTOiac; i^Ewpiac; ott] 
YXuooa Tuv ouvrj^io^Evuv heSiuv Eivai o oxotioc; tt]? Eno^Evr]? TiapaYpdcpou. 

2.2.2 Aoyufi tt)<; XayxpaJ^iaviQc; 

H [lopcfi] TOU SM paai^ETai aTic; t>E6opi£c paiJfiiSac;. ©EwpiEc, 8r]Xa8r], tiou Eivai avaXXoiWTEc xdT« ano 
TonixoOc; ^ETaa/rinaTiafiouc Pa'd[ii8ac, twv onoiuv oi -xswiiTopEQ T?- jevixa. a)(r][iaTiCouv jiia dXyEPpa 
Lie. Oi xpi'loi[iOTioiou[aEvoi 8eixtec; a, ij TpE/ouv coc; E^rjc;: a = 1, ...TV onou TV r] 8idaTaar] ttjc dXyEPpae;, 
i,j = 1, ...i? OTiou R r] 8idaTaari ttjc; avanapdaTaarjc nou iyei etiiXeye'- Y'-O' TiE8ia uXrjc; tiou Eivai auvfjdcdc, 
r\ i5E[iEXico8r]C- H aTiaiTr^ar] auTif^c Tr]c avaXXoicjTr]Tac E(po8idC£i tt] t>£wp[a \d£ Ti£8ia pat)jii8ac xai tic 
aTa-dEpEc ^£05r]C touc, f?" [JS tiqv liXr]. Ta ap)(ixd Eivai d^a^a. Me to ^r]xavia^6 Higgs ^TiopEi va SotJei 
^d^a as (xdTioia aTio) auTd ^lE ETiavaxavovixoTTOiriai[Jo TpoTio. 

H SUSY ETiEXTaor] auTr]C ttjc iSEwpiac yive-ai [dz t/jv EioaYWY'*] 8uo ei8uv UTiEpTisSiuv, ou^cpwva ^e to 
E8. 2.2.1: 

• TTi£pTi£8ia xEipaXXoTrjTac tiou TiEpiEXOuv Ta TiESia uXrjc ttjc iJEupiac, Ta cpEp^iovia tpi xai touc [itio- 
^ovixouc TOUC ouvTpocpouc, Ta sfermions ipi. 

• Aiavua[jaTixd UTispTisSia tiou TispiEXOuv Ta TiESia pa^^iSac A° xai touc cpEp^iiovixouc touc ETaipouc, 
Ta gaugino. A"* 

H Tiapouaiaar] Tr]C ^lopcpif^c Tir]C XaYxpa^iavrjc ott] yXoiaaa tcjv auvrj'dcjv ti:e8icjv ^iiac TSTOiac i^Ewpiac tiou iSa 
^TiopoiioE va ovofiaoTEi SUSY Yang-Mills Eivai o axoTioc Tr]C TiapaYpdcpou auTi(]C- Tia Xoyouc xaX(JTEpr]c 
Ta^iv6^r]ar]c, T] XaYxpa^iavV] ^Tiopsi va TE^axioTEi OTa TiapaxdTU T^y^^aTa: 

-CsYM = -Ckin + Ant - Vsusy, otiou: 

a. £kin: To T^ir]^a tiou TiEpiEXEi touc xivtjtixouc opouc twv tie8[wv ttjc "dEwpiac. TTidpxouv xivrjTixoi 
opoi -xia Ta cpEp^tovixd Ti:E8ia ipi, A", Ta 8iavua[jaTixd A'^^ xai Ta paiJ^UTd ipi. And auTOUC, to 
EvSiacpEpov ETiiXEVTptJVETai OTOuc xivTjTixouc opouc T60V pa'd[a60TcI)v tieSiuv tiou exouv tk] ^opcpV]: 

{D^V>ri{D,^)i 6TI0U {D,).^=d^+i9^TtjAl (2.1) 

^E D/^ TT) auvaXXoiMTY] TiapdY^YO Tr]C "dEwpiac tiou TiEpiEXEi T:£8ia Pa'd[ii8ac [Jovo yia Tr]v TOTiixif^ 
ou^^ETpia (xai 6x1 Xoy" ttjc SUSY tiou Eivai ^la oXixr] au[a[a£TpLa) Tr]C ^Ecopiac. Ae 8o^r]XE f] 
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EXTiecppao^Evr] [J-Opc^r] twv dXXwv xivrjTixwv opwv, yiaxi x] xaTaypoKpr] touc 8e "da npooEtpspe xdxL 
or]^avTLx6 aTrjv upoasYY'-'^il ^i^ou STiixEi-peiTai. 

p. £int: To T[d'qda tiou Ti£pL£)(Ei tic aXXrjXeTiiSpdaEic Yukawa xai fermion-sfermion-gaugino [ds Tr]v e^t]? 
Hopcpr]: 

1 d'^W r- 

Ant = ---g^^^tPitPj+iV2gaipiyT^,tPi+h.c (2.2) 

Atio tov ■KpCjJTO opo Tou SEOxEpou (JsXouc; Tr]c; E^. (2.2) -da Tipox6c|jouv oi opoi [do^ac, yia xa cpEpjaiovia, 
xa ono'.a UTiEvdufaiCsxai, 6xi avaTiapiaxavxai [je arlvopec, 86o auviaxwacbv yi-Cf auxo xai o opoc [jd^ac 
xouc Sev £)(Ei xr]v [Jopcpr] tcou exouv oi opoi [idCac [JE Dirac anivopEc, auficpwva [iE xic £Cj]Yiiaeic, nou 
Sivovxai oxr]v E^. (B'.16). Enior]? xo UTiEpSuva^ixo W^((^j) voEixaL uc; ouvdpxir]or] ^ovo xuv paiJ^uxuv 

OUVIOXUOUV XUV UHEpHESlUV HOU -KEpiEXEL. 

T- I^susy: To Suva^Lxo xir]c; TiXrjpouc; UTiEpou^^Expixrjc; ^Eupiac; tiou e/el 8uo paoixEc; ouvEiocpopEc;: 

VsusY =Vf + Vd, OTiou: 

• Vf, 1^ auvELCJCpopd tiou TipoEpxExai ano xa por]^r]xixd TiE8[a nou TiEpLE)(ovxai axa unEpnESLa 
XELpaX6xr]xac;, ■xio.uto xai oi opoi auxoi xou Suva^ixoii ovo^d^ovxai F-6poi: 

EdW 
F*Fi oTiou Fi = -— (2.3) 

• Vu, f] auvEiacpopd tiou upoEpxExai aTio xo por]'dr]XLxd nESia D tzoxj TiEpLE)(ovxai axa Siavua^axixd 
unEpnESia, ■xia.UTO xai oi opoi auxoi xou Suva^ixoii ovo^d^ovxai D-opoi: 



Vd 



i J2 D'^D'^ OKOU D'^ = (f^T^, (2.4) 



A^i^Ei va ar][-iEiui)E[ oxi axo xuTioXoyio nou Tiapouaidaxr]XE oi aTiivopiaxoi Seixxec 8ev 8r]Xcovovxai xai 
unovoELxai, d'dpoiar] axou<; EnavaXa^pavo^Evouc; Selxxec; xiqc; avaTi:apdaxaar]c; TTf otadSac; paiJtJiSac; ij. Ax6[ja 
OL acpuoixoi pa-d^oi EXEUi^Epiac; xuv Siavuo^axixuv unEpnESiuv £)(ouv aptJEi \de vr^v etuXoyt] ttjc pa-djiiSac 
Wess-Zumino. 

2.2.3 To 7ip6[3Xr)^a xy\c, ispdp)(r)ar)(; 

Ano XY] yE\od\ nopcpr] xr]C XaYxpa^iavf]c; t:ou 7i:apouaiaaxr]XE, ^TiopEi va xaxavorj^Ei 6xi xo upopXrina xr]c; 
i.Epdpxr]ar]C [iTiaivEi oe TiopEia 8iEU^Exr]ar|C \dz xr]v EioaywYTi xir]c; SUSY. KoixiSa xou Tipo3Xr|[jaxoc; auxou 
Eivai T] xEpdaxia EVEpyEiaxr] aTioaxaar] tiou UTidp)(Ei avd[aEaa axo EWS, M^y ~ 100 GeV xai axr]v xXifiaxa 
XT]? GUT, Mg ~ 10^^ GeV. Oi TiapEVEpyEiEC xou TipopXrj^axoc ExSrjXwvovxai oxic; xExpaywvixEc; ajioxXiaEic 
nou ■Kapouaid^ovxai az Siaypd^^axa xr]C [iopfprjc xou S)(. 2.1(p), xa OTioia auvEiacpEpouv axT] SiopiJuar] xr)c 
^d^ac, 5m0 evoc; paijtjwxou tieSiou 4> ''^ou cj''^of nXaiaia xou SM E'.vai xo Higgs. Dpayf-iaxixd, Eiadywvxac; 
Eva cut — of f (dvw opio op^wv) xr]c; xd^rjc; xwv GUT, Mq oto oXoxXrjpw^a xou Ppo/ou xou S)(. 2.1(P) , 
r] SiopiJuor] Sia^SsxEi opo nou anoxXivEi xExpayuvixd: 

rMa 

5m. 



I ^ ~ MS (2.5) 



BEpaiuc;, xExoiEc; aTioxXioEic; iJa [inopouaav va anoppocpri'douv [ds xo T:p6Ypo([J[Ja En:avaxavovixoTioiir]or]c;. 
'0[d(±>c, auTo i5a aTiaiTOUoE ^la acpuaixr] Xetttt] puiJtjiar] twv TiapatJSTpwv T"r|C; iJEwpiac;, atpou i5a ETipETiE va 
anoppocpdxai oe xdiSE xd^r] xr]C "OECopiac 8iaxapa)(wv ^la SioptJcoaT] xaxd TtoXu [iEyaXuxEpr] xr]? \d&Z,ac, tiou 
Siop^tJVExai. Oi SUSY iJEwpiEc Tipoacpspouv SiE^oSo aTio xo Ti:p6pXr]iJa xrjc iEpdpxr]ar]c Yi^oftt oxo TiXaiaio xouc;, 
Tipoax'.iJEvxai auvsiafpopsc; axo Sm^ aTio xouc; [jtto^ovixouc; sxaipouc; x«v (pEp[aiovi6ov, oi otto'.ec; aipouv xic 
xExpaywviXEc; aTioxXioEic xr]c; i^ECopiac. Auxo STiixuYXoivExai yiaxi oi axa-dEpEc; ^eO^ek; Yukawa xai xEaadpwv 
PaiJ^uxuv tieSiuv Ppioxovxai oe ouoxexio/]. 



2.2 TnepauiJijeTpixe<; ©ecapie^ BadyiiSa^ 
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SxTQ^ta 2.1: Oi (ipoxoi t<dv [3oediuojTO)v oojiuariov, (j) (a) xai tojv cpspiuiovicciv, / ((3) nou Guvsicjcpipouv ctt/jv 
Siop-daarj xrjc; [udCocc; rou <f>. 



(nio avaXuTLXEt; oto or][j£io auxo Eivai oi Av. [1], [5]). 'Eaxco jaia aT0i)(£iw8r] "dscopia jae eva (pcpjaiovio / 
xai £va paiJfjUTO tieSio axo UTiepSuvajaixo ttjc onoiac unapxEi. £vac opoc X(j)^ /3 Ypa[xiJiSvoc, utio [Jopcpr] 
Pa'd[jwx6av auviaxwacov. Ano xov opo xr]c XaYxpa^iavr]c axr]v: 

• E^. (2.2) TipoxuTiTEi [Jia Ceu^i^ 9<j)}}4>ff V-^ 9(pff = "^^j otiote t] Siop-dwor] axr] [jaCa w,^ aiTCi to 
8id(Ypa[j[aa (P) tou S^- 2.1 i5a eivai Tr]C [jopcpr]!;: 

Smf ~ (-«A)(-iA)M(-l)M^ = -A^M^ (2.6) 

onou xa i Tipo£p)(ovxai ano xouc 8ia86x£c xai xo (-1) and tt] axaxiaxixi^ xwv (p£p[aioviwv. 

• E^. (2.3) TipoxuTixEi [Jia ^cu^r] g^*<})^ \xz g^* = — A^, otioxe rj SiopiSwar] axr] [jd^a aiio xo 8idYpa[Jt-ia 
(a) xou Sx- 2.1 Eivai xr]c [Jop(pf]c: 

(5mJ,") ~ {-iX^)iM^ = \^Ml (2.7) 

npoaTOsxtovxac xic auvEiacpopsc xwv E^. (2.6), (2.7) TipoxuTixei 6xi r] auvoXixr] SiopiSwaTi axr] [jd^a §£ 
nspisxei xsxpaYWvixEc anoxXiasic. Auxr] t) auiSoptirixr] Sieu'dsxTjar] xou TipopXif^^axoc xr]c lEpdpxTjarjc; Eivai 
aTio xouc '!^^o arjiaavxixouc Xoyouc eiaaYWY'HC xr]c SUSY axa TiXaiaia xwv GUT. 

2.2.4 'Opoi Ao'devouq napa(3iaaT](; ttjc; SUSY 

H 8iaxr]pr]ar] TVfi £na(pr]c xmv iJewpiwv [ie xr]v TipaYl-iaxix6xr]xa xmv napaxr]pr]a£wv sivai avaYxaia auvOr^xr] 
Yia XT] piwoi[a6xr]xa xai xr]v a\\.o-!^oirpr\ xouc. Ka'duc, Xomov, Ssv iyo^\ -Kapaxvprpd. SUSY auvxpocpoi xcov 
Yvcoaxcov acojaaxiSicov snETai oti av r\ SUSY UTidpxEi., i5a upsnei va iyzi xaxappEuaei jae xdnoio xpono, coaxs 
01 SUSY exaipoi va iyou\ [jd(la ar]jaavTixd u(j)r]X6T£pri aiio xa Yvcoaxd aco[adTia. H xaTdppsuar] auxr] [jnopsi 
va uXoTioir]i5£i eixe auTJop^i^xa eixe [je e^w^ev STie^paar] axr] SUSY XaYxpa^iavr]. BEpaiwc, xai [as xic Suo 
xsxvixsc STiiSicoxExai va [ir]v x^iSei xo xaiSopiaxixo x£xxr][asvo tiou TipoacpspEi r] siaaYWYi"] xr]c SUSY, nou 
eivai T] Xuar] xou TipopXrjjiaxoc xr]c ispdpxr]ar]c. 

Au'dopfirixa anaaiasvr] XsY^xai [iia aufijisxpia tiou Sia'dsTEi [iia XaYxpa^iavir] oxav to xevo Tr]c "dEwpiac 
Se XT] acpExai s^ioou. Auto au[iPaiv£i oxav r] xi[ir] tou 8uva[iixou oto xevo Tr]c 'dswpiac, (Vsusy)o Sev 
sCvai [ir]8£v. Atio tic E^. (2.3), (2.4) au[jTi£paiv£Tai oti r\ Tipor]You[j£vr] auvdrjxr] [iTiopei va £XTiXr]pcoi}£i 
OTav (i*i)o 7^ (xai) {-D")o 7^ 0. AnoSeixvuETai aTr]v Av. [9] oti y] npwTr] nEpiiiTwar] Ssv napdYEi 
(paivo[a£voXoYi.xd EvSiacpcpouaa [JETaToniar] twv [aa^wv tmv SUSY STaipwv £v« r] SsOTepr] nepiiiTwar] Eivai 
avEcpdpjaoaTT] oTr\v nspiTiTCoari Tr]C aufajasTpiac tou SM. 

AvaYxaaTixd, Xomov, aTieu'duvsTai xaveic ott] SeuTspr] zxhoyj\ Tiapapiaarjc ttjc SUSY nou TipaYfiaTonoiEi- 
Tai \xz TipoaiSrixr] ott] XaYxpa^iavr] xdnoiwv opwv aoiJEVouc {f\ rjTiiac) Tiapapiaar]C ttjc SUSY (: SBT). 
Tetoiol opoi [JTiopouv va sp[ir]V£UTo6v «c Tipo£px6[a£voi ano ano Tr]v aui56p[jr]Tr] xaTdpEuar] twv iSEwpiwv 
Tn£pPap6Tr]Tac. Oi SBT eivai opoi nou napapid^ouv ttjv SUSY avaXoitoTTiTa TTjc XaYxpa^iavr]c X'^P^^ ""^^^ 
EiaaYWYil xsxpaYWvixtov anoxXiaswv axr] i^Ewpia. AnoSsixvOsxai axrjv Av. [9] 6x1 opoi nou ixavonoiouv 
auTT] Tr]v anaiTTjar] xai SuvavTai va npoaTEiOouv oto 8uva[iix6 ttjc 'dscopiac eivai 01 E^r]c: 
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• 'OpoL ^d^ac; yi^a ™ gaugino — ^M_^A"A" 

• 'OpoL Ypo'HHi.xoi Cupi + h.c. 

• 'OpoL SLYpanHLXtbv CeO^EUv Bij(pi(pj + h.c. 

• 'OpoL Tpiypan^"-^''^'*' C^'i^E'-^v Aijk^Pi^Pj^Pk + h.c. 

napaTr]pEiTai oxi opoi [id^ac; (pepfiioviuv liXrjc; 8ev ^nopoCv va 'dswpr]'do(Jv SBT. 'EidaTfi 0(11:6 touc npoxeivofie- 
vouc; TiapaTidvu SBT EniXsYovxai as xdi^E nEpiTXTWOY] [jovo exeivoi nou oEpovxai xr] aufifisxpia pa-d^LSac;, 
xir]v OTioia 8Lai)exEi r] apxixr] XayxpaCiavri. Autoc o i;£piopia[a6c; acpopd xouc SBT Z,e\KZid\, 01 otioioi 
avay'^^'oxixd ziiikiyETai va iyouv xr] f-iopcpr] twv avxiaxoi)(cov opcov xou unepSuvafiLxou. 

Su^nEpao^axLxd, xo Suva^ixo ^lac; pEaXiaxLxir]c; SUSY Yang-Mills ^eupiac; exei. 8uo ouvELocpopEc;: 

V = VsvsY + V,oit (2.8) 
OHOU Vsoit Eva d'dpoLCJ^a and xouc; iipoxEivo^evouc; xaL ETiLxpETio^evouc; aTio xr] au^^Expia SBT. 



2.2.5 $da^a ttqc; ©stopiaq 

To Siaxapaxxixo cpda[ia [iiac iJewpiac; npoxunxsi [ds avdnxu^r] xuv opuv xr]? \ayxpa.Z,iavr]c. xr]C yi^P" 0^11:6 ^ 
xevo Hou Ppioxexai aizo xr] ouv^rjxr] EXa)(ioxoTioir]or]c; xou Suva^ixou: 

^^(^^•^'^ -0 (2.9) 



dipi 







OHOU XO aO^poXo (...)o 8r]Xcj!)veL 6x1 r] Tioa6xr]xa hou ■KepixXeLExotL UHoXoyLcydEi axo xevo xr]? iJEupiac; 
8r]Xa8r] yiot = {(^1)0. AvaTixuaaovxac xr] XayxpaO-avf] yupo) an6 auxo to xsvo XafipdvovxaL ol HivaxEc; 
[doliac, xcov pa'd[jWTa)v, (p£p[ai,ovi,xa)v xai 8iavua[jaxixa)v ttsSiwv xrjc; -decdpiac,. Suyxexpifisva: 

a. Ol opoi y.a.Z,ac, xwv paiJfiwxcov [iTioCoviwv avaSOovxai aiioxXeiaxixd ano xr]v avdiixu^r] xou 8uva^ixo6 
xai Ypacpovxai as Tiivaxixr] [iopcpr] £^r]c: 



^ ^0 (J^i) 6^0^ A^l 



\ / d-'v 



Pi )o 



(2.10) 



p. Ol opoi ^d^ac; xuv cpsp^ioviuv avaSiiovxai aiio xo x^i(]^a xr]? E^. (2.2) xr]? "kayxpdlixavffi xai ypoicpovxai 
oe Tiivaxixr] ^lop9l^ e^i^?: 



y. Ol opoi ^d^a? xwv Siavua^axixwv ^ho^oviuv avaSiiovxai aiio xo x^rj^ia xr]? E^. (2.1) xr]? Xayxpa^ia- 
vrj? xai Hapdyouv xov zEJ\q Hivaxa ^a^uv: 

Mf = 2 (D'^Dt^)^ us D:, ■■=^= 9"^^* (2.13) 

'Ohu? eivai Tipocpave? and xr]v E^. (2.13) xa Siavua^axixd ^Ho^ovia xr]? ^eupia? anoxxoiiv ^d^a oxav 
r] iJEupia eivai oTiao^Evr], SrjXaSrj oxav (</5j)o ^ 

Ms 8iaY6:)VOT:oi7]ar] xwv Tiivdxwv auxwv, Xa[apdvovxai 01 iSioxitJE? (: I AT) xai iSioxaxaaxdaei? (: lAK) 
^dCa? X6JV TisSiwv xr]? Oewpia?. Hpoxuiixei lao? apiiOfio? ^Ho^ovixtjv xai cpsp^iovixcjv exaipwv y.£ y.ia 
Siacpopd [id(^a? [isxa^u xou? hou ocpsiXexai oxr]v ziaa^CxiY-r] xuv SBT. 
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2.3 Aoyiri tou MSSM 

H ecpapfioyri tou •{svixo\j nXaiaiou nou Ti£piYpo«pr]XS axo E8. 2.2 aTr]v iiEpiTiTCoar] svoc UTispSuvafiixou 
^£ TT] ou^^expia TOU SM sivai o axoTzoc, auxr]? XT]? £v6Tir]Tac;. EiSixoxspa, oto E8. 2.3.1 Ti:Q(pouoi,d(leTai 
TO au^aTiSiaxo Tiepiexo^ievo tou MSSM xai oto E8. 2.3.2 avaSsLXvOovTaL oi axe<])e[.z tiou o8r]Yo6v oTr] 
auYXSxpifisvr] [-iopcpf] tou uiiEpSuvafiixou. TeXoc oto E8. 2.3.3 Efpapfio^ovTac; to tutioXoylo tou E8. 2.2.2 
xai E^dYOVTai, xa mo )(apaxTr]pioTi,xd( T^rj^aTa Tr]c XaYxpa(liavr]? tou MSSM. 

2.3.1 Su^(3oXi^oi-Ta5iv6^T]OT]-AvaTtapaoTdoEi(; IlsSiajv 

To TiESLaxo TiEpLE)(6^Evo TOU MSSM napouaidCETai, a)(r][iaTi,xdi otov Ilivaxa 2.1. Kdmoiec; ETiLpspXiquEvec; 
SLEUxpLvy^oELc; a)(ETLxdi [IE TO xpiT'i'M°''^'^''°'^M^"'"^ au^PoXiafio o otioloc; avaYxaoTixd, e[vai TispiEXTixoc; xai 
ouvTO^oc;, SivovTaL oTr]v evoTrjTa auTr]. Ta unEpnESia nou )(pr]ai^OTi:oLouvTai Yi-ot va avaTi:apaaTir]oouv xai. va 
ETiexTEivouv TO ou^aTiSiaxo iiEpLE/o^Evo TOU SM ^nopouv va xaTaTtXYOuv uc; e^r]?: 

a. TiiEpTisSia 'TXr]c. npoxeiTai Y'-of uTiepTieSia )(ei,paX6Tr]Tac oTot OTioia Sieu'dsTouvTai, Ta TieSia uX-rjC, 
8r]Xa8r] Ta cpspfiiovia xai Ta Sfermions. Ano auTd Ta apioTspoaTpocpa avanapioTavTai [dz SitiXetec svu 
Ta Se^iooTpofpa eivai [iovdSsc; ac, npoc, Tr]v o[id8a au[aji£Tpiac; SU(2)i. Qc, npoc to )(apaxTr]pa tuv 
auviaTuatJv touc; ^Tiopoiiv va Ta^ivo^riiJoiiv ac, s^i]c.: 

• TnepneSia Xshtoviwv xai Sleptons. SutjSoX'.^ovTai L/, Ei onou o Seixtt]? tuv Y^vetov TpE)(Ei 

uc; e^fic, I = e, //, r. STa UTiepTieS'.a auTd SieuiOsTouvTai avTiaToixa: 

— AsTiTOVia, nou aufiPoXiCovTai '0^,, ipE, xai avaXuTixd TiapouaidCovTai napaxdTw: 

- c;! - 

— Sleptons, nou ou^poXi(lovTai (j)E, xai avaXuTixd napouaidC^ovTai TiapaxdTu: 

- CI). - (^•].' (t).- 



0is, = 11 ■= el, fil, 

TnEpnESia Quarks xai Squarks. Su^poXi^ovTai [is Qg, Uq, Dg onou o Seixtt]? tuv Y^vetov 
TpE)(Ei coc £^r]C g = 1 , 2 , 3. ETa unepnsSia auTd 8i£ui5£TOUVTai avTiaTOi)(a: 
— Quarks, nou au^poXi^ovTai V'Q, j V'c/, j V'c, ^o^'- avaXuTixd napouaid^ovTai napaxdTw: 



^c, = := dl, si, hi 

Squarks, nou ou^poXi^ovTai 4>q^ , 4>u^ , 4>Dg xai avaXuTixd napouaidJ^ovTai napaxdTu: 



^C, = := dl, §1, hi 
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ntvaxaq 2.1: 'S<x>y.a.T:iSia.xr\ SuoTaoT] tou MSSM (IAK Bad{ji.C5aq) 

Superfields SuvioTWVTa IleSCa KpavTixoi api'd^oC 

Spinors Scalars Q I3 Y/2 

IleSia 'TXiqq 
Fermions Sfermions 
Leptons Sleptons 

El ^E, = II (l>E, =h 1 1 

{I = e, 11, t) 
Quarks Squarks 

n I f"?! ^ f"?! 2/3 1/2 -1/6 

^^2'= i^J, '^«'= [dj, -1/3 -1/2 -1/6 

t^, ^Z-E/, =^^^L -^E/, ="^L -2/3 -2/3 

=<i^i <^D,=d'=,L 1/3 1/3 

(g = l, 2, 3) 

AiavyajjiaTixd TleSia. 
Gauginos Gauge Bosons 

B B 



{A = l,...,8) 



±1 ±1 





nE5Ca Higgs 



Higgsinos Higgs Bosons 



+1/2 -1/2 

-1 -1/2 -1/2 

+1 +1/2 1/2 

-1/2 1/2 
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Eivai npocpavsc; otl o (pspniovixoc; TO\isac, twv unepneSiwv auxwv, xauxiCleTai \is tov avTioTOi)(o tou 
SM. 

p. Aiavua^aTixd TuspTisSia. Se auxd 8iEut)£TOUVTai xa neSia d^aS^wv Siavuo^aTixwv ^tioSIoviwv xai twv 
SUSY (pep^iovixuv ouvxpocpuv touc;, tuv Gauginos. H nry^r] Tzposksviaric. tuv ^no^oviuv auxuv eivai 
T] aTiaiTTjar] avaXoiWTr]Tac; ttjc XayxpaO-avfic; xdfTW ano [j£Tao)(r]^aTio^ouc; nou avrjxouv oTir]v o^dSa 
S'f/(3)c X SU{2)l X L^(l)y. EuYxexpitaeva aTr]v 6[ja8a: 

• J7(l)y YevvrjTopa to UTiepcpopTio Y, avTLOTOixei to utieptieSlo Vi TispLE/o^Eva TieSia: 

B/j, xaL -B (Bine) 

xai oTa^epd Ceu^tjc; g'. 

• SU{2)l [le Y^'*''*'!'!™?^? Y'*'"cy™u? Tiivaxec; tou Pauli tt]? E^. (B'.7) 

t"', otiou a = 1, 2, 3 
avTioTOi)(£i to DnepneUo V2 yis Ti£pi£XOM^^°' TisSia: 

xai W" (Wine) 

xai oTa^epd ^Eu^rjc; g. 

• 5f7(3)c [JiS yEvvi]TopEz tou? TiLvaxEc; Gell-Mann, avTLaToixet to uhepheSlo Vg^ A = 1, ...,8 xaL 
■KEpiexo^eva TiE8[a: 

(gluon) xai (gluino) 

xai oTa'dspd Z,e<j^r]c, g^. 

Eivai Tipocpavec; oti o To^sac; tuv Siavucy^aTixtov ^tioCovluv TauTi^ETai tov avTiaTOL)(o tou SM. 

y. TTTSpTTsSia Higgs. IIpoxEiTai jia UTispTisSia )(ei.paX6Tir]Tac; nou avanapioTavTai SltiXetec; uc; npoc; Tir]v 
o^dSa ou^^ETpiac; SU{2)l xai sivai Ta e^r]?: 

• i? Tir]v ir]XEXTpixd ouSsTEpr] ouvioTUoa ott] ^eor] 11 xai -Kepiexo^eva TieSia: 

(f!], (|«) 

• -H" Tr]v r]XEXTpixd ouSsTepr] auviaTtbaa oti] ^eai] 21 xai Tiepiexo^eva TieSia: 

(?:]'*-^ (I:) 

HapaTripeiTai oti extoc; aTio to xpl^oltio^:olouJi£vo oto SM ^-ko^ovio Higgs UTidpxEi xai Eva ETimXeov, 
r\ avdYxr] EiaaYWYi^c; tou otioiou iJa E^r]YiTdEi oto E8. 2.3.2p. 

Oi xPavTixoi apiiJ^oi nou E-KiouvdmTOVTai oe xd^e ouvioTUoa aizo xa unepTieSia nou ava(pepi)r]xav eivai 
xaTaYSYpof^MEvoi otov Ilivaxa 2.1. Me tov opo lAK paiOfiiSac voouvTai 01 lAK tcov tieSicov npiv to SSB, 
onou xupiapxEi r\ au^^ETpia pa^^iSac; gti] i^EUpia. METd to SSB, 01 lAK paiJ^iSac; iJa Stjaouv tt] ■dear] 
TOU? otic; IAK ^d^ac; onuc; iJa cpavEi otouc; HivaxEc; 2.2, 2.3. 

2.3.2 S)(s5iao^6<; tou TTtspSuva^ixoO 

H avdiiTU^r] t«v paaixcov EnixEipTHJdTWv, aTa onoia e8pd^£Tai rj [Jopfp-f] tou unspSuvatJixou tou MSSM sivai 
o OTOxoc; amfic, tt]? napaYpdcpou. Oi paaixs? npounoi^saEic nou EniSiwxETai va ixavonoiEi sva unEpSuva^iixo 
nou 'da cpiXoSo^ouoE va avanapdyEi Ta anoTEXso^aTa tou SM ^e EXdxioTT] SUSY EnEXTaor] Eivai 01 E^r]?: 
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OL. Sspao^oc; ttjc oufifasTpiac; tou SM. Oi UTCo(|jir]cpi.oi opoi jia EioaywYi'l cjto unepSuva^ixo upsiiei va sivai 
avaXXoiUTOi uno tt] Spdar] Tr]c; S'[/(3)c x SU{2)l x U{1)y- Auto E^aocpaXi^ExaL av to dcdpoio^a tuv 
xpavTixcov api'dficov tcou EraouvdcTiTovTai as xdiJe [isXoc svoc UTio(Jjr]fpiou opou sivai ^r]8ev. EvSelxtlxoi 
avacpspExai oil ol opoi ir^LiEi f\ UqDqiDqii nspvoOv xov iXzyyo auxo. 

p. Dapoxi*] t-'O'^Qtc; axa (pep^iovia. 'Opoi nou iJa [iTiopouaav va npoaScoaouv \ia^a axa cpEp^LOVLa Tipoep)(ov- 
xai, ano xov Tipwxo npoo^exEO xou Seuxspou [isXouc xr]C E^. (2.2). Kaxd xa -Kpoxuna xou SM ^vac; 
opoc nou iJa napeixe [id^a axa XeTixovia "da rixav o hiH^ iTiLiEi az ehitieSo unepTieSiuv rj oe ehiheSo 
Pa^^uxuv auviaxuouv hi4)^iT24>Li<i'Ei Aafipdvovxac xr] Tiapdy^YO 'Koaoxrixac; auxr^c; xai utiotJexu- 
vxac; oxL xo 0jj avanxOaaeL VEV axr]v r]Xsxxpixd ouSsxepr] auvLaxtbaa xou, oticoc oxr)v Ec- (2.37), o 
z-!d\ia)(OQ opoc; xr]? E^. (2.2) ypdcpexai: 

-\hi(j)JiiT2ipL,ipE,+h.c= ^vi oj Jj J "J' j ^ ^2 +h.c = -^m/(/LZ£ +h.c), 

OTiou m/ = vihi/\/2. Me xov '.8io axpiSwc; xpono EfpoSid^ovxai [le [laZa xa down-quark, onoxe 
Evac opoc trjc [iopfprjc hD^H^ iT2QqDq eivai £Ti[ar]c STiipspXr][isvoc. E(vai, otjwc;, £[j(pavsc aiio xr]v 
■Kpor]Youn£vr] 6xi xo ciij Sev ^nopEi va napdaxsi [id^a axa up-quark Xoyw x'r]c; iJsaric; xrjc; r]XEXxpixd 
ouSexEprjc; ouvioxcoaac; xai xou unspcpopxiou nou auxr] SiaiJExei. (-1/2). XpsidCsxai, sva Higgs t:ou va 
E/Ei xir]v r]XEXxpixd ouSsxepr] auviaxuaa axr] "dEar] 21 xai unepcpopxio 1/2. Sxo SM auxr] r] [iexdXXa^r] 
ETiixuYxdvexai, Xa^pdvovxac xo sni xo [iiyaSixo auC^uyec xou )(pr]ai[iOTioiou[iEvou exei tieSiou Higgs. 
Exr]v TiEpiTixuar] xou MSSM, 6[i«c auxr] r\ auvxay'/^ Sev [iTiopei va scpapfioaxei, Xoyw xr]c; oXofJopfpixr^c; 
i8i6xr]xa<; xou UTi£p8uva[Jixou tiou rpt] avafpepiJEi axo E8. 2.2.1. Suveticoc, avayxaaxixr] Eivai r\ 
Xpr]ai[iOTioir]ar] evoc Seuxspou unepneSiou Higgs H [js tic a7caiT0U[j£V£c i8i6Tr]TEC, ohote r\ SiaSixaoia 
Tiapoxr]c \xaZ,aQ axa up-quark sceXiaasTai xaTd Ta y^^oTd: EiadysTai oto unepSuvafiixo o opoc; 
—huqH^iT2QqUq TIOU OE [iopcpV] SaiJwTwv ouvLOTUouv ypdcpETai —huq(tyfjiT24>Q^(j)Uq, oitoTE Xatj6dvo- 
VTac Tr] napdywyo Tr]C n:oa6Tr]Tac auTr]c xai UTioiJETUVTac; oti to 4>h avaTiTiiaasi VEV a~r\v r]X£XTpixd 
ouSsTEpr] auviaTtbaa tou, otiuc; aTr]v E^. (2.37), ano tov Eni^axo opo xTfi E^. (2.2) upoxOnTEi: 

^/lE/,^JiT2t/)Q,t/)E/, -l-h.C = ^ ^ W2 ] j ^ M^i-l-h.c= -^m„,(MgLM^j^-|-h.c), 

OTiou = V2hu^l^2. Me > 0, Evac; tetoloc; opoc; napoxV^c; ^d^ac; aTa up-quark upEHEi va 
■Kpoor]^av^Ei avT^ETa ano touc; utioXol-kouc; yi.Q' '^i^ EniTEU^r] TiXr]puc; ou^paTOU anoTEXEo^aTOc;. 

Y- Mr] Tiapapiaar] xou Xehtovixou xai papuovixou api^^ou. Tudp/ouv opoi nou EXTiXr]pouv xi\ ouv^rjxr] 
TOU or]^Eiou (a), onwc oi napaxdTw: 

UqDqiDqn, Q^iT2LiDqi, LJ iT2Lii Eiu , LJ iT2H 

01 OTioioi, oficoc, Eivai avETii'du[ir]TOi yiaxi Tiapapid(louv tT] 8iaTr|pr]ar] tou papuovixou, B xai Xetitovixou 
apiiJ^oO, L 01 Ti^Ec; tuv otioiwv xa unEpnESia tou MSSM SivovTai napaxdTu: 

B{Li) = Q, B{Ei)=0, B{Qq) = l/3, B(C/,) = -1/3, S(i^,) = -1/3 
L(Li) = l, L(Ei) = -l, L(Qq)=0, L{Uq)=0, L(Dq) = 

H napapiaar] Tr]C 8iaTr]pr]or]c; auTUV tuv api^^uv ^a ehetpetie Tr] Sidonaor] tou TipuTOViou, updyna 
cpaivo^EvoXoyixd anapdSEXTO. 

5. AiaTii^pr]ar] Tr]c laoTifiiac R. H 8ia x^'-poQ anoppKj^r] [iEpixciov 6p«v, Xoyw cpaivofiEvoXoyixcbv avxip- 
pr^aECJv 8ev Eivai i}£Cjpr]Tixd uyi'/^C 8ia8ixaa[a. IIio Euddc, xpoTioc, 8pdar]c; iJa r^Tav o xa'dopiafioc [Jiac 
vEac; au^^ETpiac; nou iJa TipETiEi va aspETai to MSSM. Opi^ETai Evac; TioXXaTiXaaiaaTixoc; xpavTixoc; 
apiiJ^oc; Tiou ETiiouvd-KTETai oe TiESia ^e Tr]v Enuvu^ia J?-Parity: 

xoc_Lr_i_Qn -1-1 Yia Ta ouLidTia TOU SM xai Ta Higgs 
R := (_1)2S-FL-F3B = ^ ' ^ (2.15) 

-1 y\.OL Ta sparticles 
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onou S TO GTiiv TOU TisSlou, xai enipdXXeTai r] 8iaTir]pr]ar] tou. ArjXaSri, T] i?-Parity svoc; opou 
TIT]? Xayx^pofCi-avrjc; TipsnEi va sivai 1, updyna itou cpaivsTai \de \iia aTzkfi TT:apaTr]ar] otouc opouc ttjc 
Aayxpa^iavy^c; tiou ■KapouaLoiCovTaL axo E8. 2.3.3. H enipoXy] auTi/]? tt]? veac; au^^expLac; tic; s^i]c. 
auveneisc: 

• Oi opoi Tr]C Xayxpa^iavric [inopoOv va r.epiexouv [jovo dpTLO apLi}^6 omo sparticles. 

• Ta sparticles (JTiopoOv va napaYOVTai [iovo xaTa CsOyr]. 

• Ta papuTspa sparticles SiaancovTai OTa eXafppoTepa. 

• To LSP eivai, EUOTa'dec yiaTi Sev eTiiTpEnsTai va SiaanaaTSi ae a«[idTia tou SM. 

• To LSP EivaL aa^evtbc; aXXr]XeTii8pcov awfidTio, y'^o'''^' aXXrjXsTiiSpd \ds ttjv uXr] [iovo [i£ tt] 
^EaoXdpr]ar] evoc; papeuc; evSLd^Eaou sparticle. 

Ta xofpaxTr]piaTLxd auTd nou anoxTd to LSP to xa^LOTOiiv eva tioXu cXxuaTixo UTiocJj7](pi,o jia ty] X6ar] 
TOU upopXri^aTOc; ttjc; oxoTELvrjc; uXr]?, Tpono nou extevuc; ^a ^EX£Tr]'d£i oto KscpdXaio 5. 

e. ATiofpuy)*] Tr]C ^Tiap^-rjc d[Ja^ou [jtioCoviou Higgs. 'Oiiwc -da cpavEi oto E8. 2.4.5, o otoxoc; auTOC 
EniTUYXavETai Tr]v siaaywYi'l £v6c opou aXXr]XETii8paor]c, nH^iT2H, ^ETa^u twv ujiEpiiESicov Higgs. 

H teXlxit] Excppaar] tou UTiEpSuva^ixoO, au^paTV] ^e tou? TiporiYoiinEvouc; nEpLopLCJ^oOc;, sivaL: 

W'mssm = hiH'^iT^LiEi + hn^H'^iT2QgDg - hu^H^iT2QgUg + nH'^iT2H (2.16) 

E/ETLxd ^E TOV )(pir]OL^OTi:OLOU^EVO OU^PoXlo^O, ^TlOpEl va SlEUXpiVLOTEl OTl: 

• HLvaxixoi Selxtec; -xia tt] Ceu^t] tuv SluXetuv 8ev )(pir]oL^OTi:oLouvTai ■xicczi uio'dETrj'diqxE r] napouoiaor] 
TOU TUTioXoyLou OTf] YXtbaaa tuv TiLvdxuv xai oji tuv auviaTuatJv. 

• Stouc STcavaXa^pavo^Evouc; Selxtec; I, q ^TiopEi va evotj^el d'dpoLor] ndvu axic, yevee? Xetitovluv xaL 
quark avTLOTOixa. 

• AYVOEiTai Y] avdfii^r] avd^Eaa otic, yeveec;, TipdY^a tiou ar]y.w.vsi otl ol ^eO^elc; Yukawa ELvai api^^oL 
xai, 6)(i TiivaxE?. 

2.3.3 AavYxpa^iavTQ tou MSSM 

H Tzkripric, [Jopcpr] Tr]c XaYxpa(liavir]c; tou MSSM SivETai axic, Av. [1] xai [14]. H Tiapouoiaor] tiou ^a ETiiXEi.pr]'dEi 
■KapaxdTW Eivai XiYOTEpo XsTiTO^Epiaxr] aXXd lacoc tzio -KEpiEXTixr]. Xdpiv aTiXoTrjTac TiapaXEinovTai opoi nou 
ocpEiXovTai, aTT] QCD, opoL cpavTao^dTUV xai auYXoXiTOViuv. H XavYxpa(liavr] tou MSSM ^nopEi va ndpEi 
Tr]v YEvixV] ^lopcpV]: 

■CmSSM = -^KIN + -^^INT — VmSSM, OTIOU: 

a. £kin: To Tfiif^fia nou Ti£pi£)(£i touc xivr]Tixouc; opouc; twv tceSiwv Tr]C iJ£wpiac, t«v [jtco^oviwv pat)tj[- 
Sac;, Tuv pa^^UTCov tieSiwv xai tuv (psp^iovicjv OXr]? xai gauginos. And auToOc;, oi xpii^aifioi yia Tr]v 
avdXuar] nou ^a EnixEipriiSEi Eivai oi xivr]Tixo[ opoi tuv ^no^oviuv Higgs, oi onoioi iiEpiExovTai otouc; 
opouc; Tuv paiJ^UTUV tieSiuv nou, ^e pdor] Tir]v E^. (2.1), Eivai: 

J2 (D^'M^ Df.4>F 6T10U F := Li, Ei, Q„ U^, D,, H, H (2.17) 

F 

H auvaXXoLUTr] napdYWYOc; exei Tr]v (■nivaxixV]) ^opcpV]: 

= d^+i^{T-W++T+W-)+i^—gfih,Q)Z^+ieQA^, (2.18) 
v2 swcw 

onou Yi'Q' Tiiv EniTEU^r] ttjc; TEXEUTaiac, 7ipaY[iaTonoiir]'dr]xav SiaSoxixd Ta snofiEva pr][iaTa: 
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• 'EywE K] axpocpi/] opiay.o() tuv heSluv xaL A^: 

onou )(pr]ai^oTioio6vTaL oi auvT^iaEic; siy := sin^iy, cw '■= cos6w 'X'-'^ t^'H Y"'*'^°' Weinberg. 

• 'EywE r] TauTOTioirjar] tuv aTaTjEptov, aO^cpuva Tr]v Av. [15]: 

ffsvy = g'cw = e= (2.20) 

• OpioTr]xe r] TioooTrjTa: 

5/(^3, Q) = ^3 - Qs^^- (2.21) 

Y TO UTiepcpopTio, Q to r]XexTpLx6 tpopTio xai. /s Tir]v TpiTr] ouvioTUoa tou isospin tou ou^aTiou 
/ Ta OTioia Lxavonoiouv tt] YvuoTrj o/eot]: 

y 

Q = h + ^ 

p. £int: To T[iir][ia tiou TiepiExei- touc opouc aXXr]XETii8paar]C tiou TipoxuTiTOUv ajio Tr]v siaaywYi^ 
SUSY xaL PpiaxETai ^e Ecpap^oyn] ttjc; E^. (2.2). EtilPePXtj^evoc; ^dXioTa, to Xoyo auTO zivai o 
8La)(upia^6c; tou oe 86o T^y^^aTa: 

-ClNT = ^Yuk + ^Gau, OTIOU: 

• -Cvuk, TO T^r]^a OTO OTioio avrjxouv ol Z,z\£,z\.q Yukawa nou upoxunTOUv ano to unEpSuva^Lxo: 

r 1 S^W'mssm , , , , 



F,F' 



- ^ {hltpJjiT2ilLi<i)Ei + hD,ilHiT2lljQ^<t>D, - hu,tp]jiT2tpQ^(pU,) + h. C 

- ^ {hlilHiT2<i)Lii'Ei + hD,i'HiT2<i>Q^ilD, - hu,'ll^]iiT2(j)Q^ll^U,) + h. c (2.22) 

• -^Gau, TO T[j"r|[ja OTO OTioio avrjxouv opoi aXXr]XETii8paar]c scalars-spinor-gaugino: 

^Gau = iV2g' ^pB^^F + iV2g ^ ^^pW^^^^F + h.c (2.23) 

F F 

H avdnTU^r] t«v opuv auTtJv, upaYf-iOfTOTioicovTac; Tr]v d^poiar] ndvu OTa TiESia F, upoxOnTEL 
auiJop^ii^TCoc [i£ avTLxaTdaTaar] twv xpavTixwv apidfiwv tuv tieSiuv ano tov Ilivaxa 2.1, yi^auTO 
xai 8e -KapouoLaoTEi avaXuTixoTEpr] Excppaor] auTOU tou T^rj^aTOc; tt]? \a'xxpaZiavr]c.. 

T- 14issm: To Suva^ixo tou MSSM tiou So^EiTaL ano 8uo SiacpopETLXir]? TipoEXEUorjc; opouc;, tov npoEp/o- 
^Evo aTio Tr]v SUSY, VgusY xai. tov cpspovTa tou? SBT, Vsbt, 8r]Xa8i(]: 

^MSSM = VsusY + Vsbt, y-^ Vsusy = Vp + Vd, okou: 



2.3 Aoyt-q tou MSSM 
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Vp, TO T^r]^a nou ocpeiXsTai a-ouc, F-6pouc xai PpioxExaL £(^ap\i6Z,ovTac, Tr]v E^. (2.3): 



dWussM 



= \hliT2(l)L,(pE, + hDjr24>Q^4>D^ + (liT2^H\ 

+ I iT2 (j)Q^ (j)Ug + IJ.4>HiT2 I ^ 

+ \hDg(l>fliT24>Dg + hUg(l)'^iT2(l)Ug\'^ 

+ \hi(j)^iT2(t)L, ^ + \hD^(t>HiT2(t>Q^ 1^ + \hu,(t>s'^T2(t 



(2.24) 



Vb, TO T[ir][ia tiou ocpsiXExai axouc D-6pouc xai PpiaxExaL Ecpap^o^ovxac; Tr]v E^. (2.4). E[vai, 
^dXiaxa poXixo? o xE^a/io^oc; tou as 8uo T[air][aaTa: 

— Vdy, to T^rj^a Tiou ocpeiXExaL otouc; D-opouc; tiou TipoEp/ovxaL ajio tt] ou^^Expia [/(l)y: 

5' 



(2.25) 



— I/dl) ""^o T^rj^a TIOU ocpeiXExaL otouc; D-opouc; tiou Tcpoep^ovTaL aTio tt] auji[a£TpLa SU{2)l: 



E E4 



r 



(2.26) 



- 2|<^«n<^i,|2 ^4|4^i,|2 _2|^^|2|^^j2 ^4|^t^^^j 
oTiou xpiT'i'MO''^oi.i(]^r]xe r] TauTOTrjTa: 

a 

• VsBT, TO T^y^^a TIOU Tiepiexei. touc; SBT, ol otiolol, [is pdar] Ta EXTE'divxa axo E8. 2.2.4, e[vai: 

F 

a ^ 

+hiAi(iy^iT2(l>L,<pE,+hD,AD^(ly^iT2<j)Q^(f>D^-hu^Au^<pf^ c (2.27) 

Atio TT] Xayxpa^iavr] tiou Tiapouaic(aTr]xe, ^Tiopei va XricpiSEi to aw^aTiSiaxo cpda^a tou MSSM, Ti:pdiYM°' ''^'^^ 
aTzoTsksazi to ETiixevTpo [isXsTrjc; tuv 8uo etio^evuv evoTrjTUV. 
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2.4 Mr)xavLo^6q Higgs oxo MSSM 

[ir]xavia[i6c Higgs Eivai ajio xa tilo xapaxxripiaTixd ar][i£ia [iiac "Oswpiac Pa'dfiiSag. Fia Tr]v xaXuxEpr] 
^eXett] tou oTr]v nEpiTiTUor] tou MSSM ano^ovcovExai to o)(etix6 T^r]^a tt]? XaYxpa(li,avr]? oxo E8. 2.4.1 
xai PpLoxovxaL oi auv^r^xEc; XEiToupYi.x6Tr]Tac; tou ^r]XQ(vi.a^o6 tou SSB oto E8. 2.4.2 xai skaxi-OTOTioiriaric. 
OTO E8. 2.4.3. Me auT^] Tr]v upoETOiiJaaia, o [jy]x°'^'''^l-'oc Higgs E^EXiaasTai Tiap£)(ovTac [id^a as xdiioia 
[iTio(16via pa'd[ii8ac oto E8. 2.4.4, ava8£ixvuovTac tk; IAK \iciZ,ac, twv Higgs oto E8. 2.4.5 xai, n:ap£)(0VTac 
^d^a oTa (pEp^iovia tt]? ^Eupiac; oto E8. 2.4.6. 



2.4.1 To T^iQ^a Higgs tt)<; XayxpaJ^iaviQi; 

To a^iyuc; acpLEpu^Evo oTa paiOiawTd ■n:E8ia Higgs T[ir][aa ttjc; XayxpaC^iavric tou MSSM, Eivai: 

£h = D^(I>H + {D''<I>h)^ D^cj>H - Vh, (2.28) 

OKOU oi 8uo TipwToi, opol TOU 8euT£pou [jeXouc TipoEpxovTai alio TO TtJ7]tJa ttjc; E^. (2.17), evcI) o TpiToc; 
XafipdvEi auvEiacpopEc aiio tic Ec- (2.25), (2.26) xai (2.27) otiote rj [JopfpT] tou Eivai: 

= TO? +^12 (</'S«^2<?!'iJ +h. c) 

+ (i0i^p-i0ijn'+^5^i4<^ijr (2.29) 

onou op[aTr]xav oi Tioa6Tr]TEc;: 

TO? = m]j + ji^ , (2.30) 
ml = mfj + fi^ , (2.31) 
m^2 = I^B. (2.32) 
AvTixatJiaTCOVTac tic opiaxixEC ay_iaeic, twv (/itj, (/)^ aTr]v E^. (2.29), auTH] ypdcpETai coc E^r]c: 
Vij = l^fo P + ml \Hof + mi, [HoHq + H*H*) 

+ lig'+g") {\Ho('-\Ho\' + \H-\'-\H4'f 
+ m\\H_\^ +ml\H+\^ +ml^ {-H+H_ - HIH*_) 

+ ^g^ {\Ho\''\H+\^ +H+H_H;h;+HIH*_HoHo + \Ho\''\H_\'') . (2.33) 

Tia Tov Tipoa8iopia[i6 tou xevou ttjc "dEcopiac Tipocpavcoc "da )(pir]oL^o-KOLr]'dEi ^ovo to ir]XEXTpixd ouSsTspo 
T^rj^a Tir]c E^. 2.33 , oncoc (pavEi oTa E8. 2.4.3, 2.4.2. AvtliOetuc, Y'-°' ""^ov ■Kpoo8iopio[i6 tou cpdo^aTOC 
Higgs Tr]c t>£wp(ac, xps^a^s'i^ofi y] TiXr]pi^c EXfppaar] Tr]c E^. 2.33, otiuc iJa cpavEL oto E8. 2.4.5. 



2.4.2 Suvdn^xsq eKix\iy_o()q SSB 

To T[ir][ia T«v r]XEXTpLxd ouSETEpuv auvLaTuatbv tuv tieSluv Higgs tou Suva^LXoii ttjc E^. (2.33) ^TiopEi 
va ■xpa.^iei wc s^r]c.: 

Fia va ^TiopEi va ehiteux^el to SSB, -KpETiEL va TiXripoiivTai oi napaxdTU auv^y^XEc: 

• TETpayMvixoc nivaxac [jd^wv va 8La'd£TE!. apvrjTixrj lAT. Kai auTO, Sloti av 8ev vm&py_si apvTjTixr] 
lAT, TO Hq = Hq = 'da Eivai sva EuaTai^sc EXd/ioTO tou Suva^ixou xai etio^evuc to SSB 8£V i}a 
EVEpyoTioiEiTai. laoSiiva^a, [is pdar] Tr]v Av. [8], TipsTiEi: 

det [ '^i^ ] < ^ mjml < m\, (2.35) 

H uTiap^T] [iiac apvr]Tixr]c i^d^ac, tiou ETiiXEyETai va Eivai rj m^, 8i£UXoXuvEi OTi«a8ii^TioTE Tr]v Eyxa- 
'd[8puar] Tr]c Tipor]Yo6[iEvr]c xai Tiupo8oTE[ (xaTd Tr]v zxjGToyji Excppaar] Tr]c Av. [1]) Tr]v napapiaar] Tr]c 
r]X£xpao^Evouc ou^^ETpiac. 



2.4 MrjXocvLayioz Higgs am MSSM 
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• To Suva^ixo Vho va eivai <ppaY[Jevo xdxw. Kai auxo, Sioxi oTr]v SieuiOuvor] iJo = Hq un&pyei o 
xivSuvoc; o TETpaY"'»'i->'oc; opoc Tr]c E^. (2.34) va [irjSevi^ETaL. Tia va anocpEUXTEi auxo upenEi oe 
auTEc; TLc; Xe^oiievsc, D etiltieSec; SiEU'diivaEic; va iaj(^si: 

Vho >0^rnl+ml> -2m\^ (2.36) 

• Na aiToepEUYCTQti- T] unap^r] /pu^axLOTCOv ekayyaxuiv, SrjXaSr] oi paiJ^UTOi ouvxpocpoi xuv cpEpjiiovicov 
6Xr]c va [d-r\v avaTixOaouv VEV xaL 8r]HioupYoiiv SSB tt]? ^[/(S),;. Fia va etilteuxtJel auxo [iE pdar] 
Tr]v Av. [17], TipETiEi: 

< Siml,+m%+mjj). 

TuoiJETWVTac OTL ia)(Uouv 01 auv^y^XEc; auxEc;, o ^rjxavLa^oc; tou SSB avaTiTiiaaExaL cjtlc; ■Kapaxaxu 
TiapaYpoKpouc anpooxoTiTa. 



2.4.3 Suvdn^xEq sXa)(iaTOTtoiT]aT]<; 

H StaSLxaaLa tou SSB apxi^Ei [iE Tr]v etiiXoyt] tou xevou Tr]C iJE«piac; tiou tipetiel va EivaL tetolo, tJOTE va 
EivaL r] upoxunTOUoa iJEupia avaXoiUTT] uno Tir]v [/(1)em- Sxr]^aTixd: 

S[/(3), X S[/(2)i X U{1)y S[/(3), x ?7(1)em 

Fia Tr]v ETiiTEU^r] tou oto/ou auTOU ol VEV avanTUooovTaL otic; r]XEXTpLxd ouSetepec; ouvlotuoec; tuv 
(t)H, (t>H Ti:pdYM°' orj^aivEi otl ol YEvvrjTopac; xrf, o^dSac; ?7(1)em Tiapa^EVEi. doTiaoTOc; (Av. [16]): 

(^.)o = ^(-] xa. (^.)o = ^(;j . (2.37) 

'ETTETai, o ETiavaopiafioc t«v tieSiwv, coaTE t] avataevotJEvrj T\.\j.i\ touc; va ELvai ^r]8Ev, TipaYHa tiou ar]Ha[vEi 
OTi Ta xp'floiHOTioiou^Eva TiESia SLaTapdaaovTai E^r]c;: 

Ol auvi}ir]XEc; EXaxicyTOTioir]ar]c; Tr]? E^. (2.9) TiapExouv: 

^) =0 ^ = m^i+m?2«2 + ^(5'+5'')«i(«?-«2'), (2-39) 
_Q ^ o = m2«2+m22«i-i(g2+g'2)^2(«?-«2)- (2-40) 



\ dh /o 

H SLafpopLOT] TOU Vho Tipoc TIC [J£TapXr]T£c xi, X2 TtapEX^'- TauTOTrjTEC- At:6 tic E?. (2.39), (2.40) 
TipoxiiTiTEi f] ar]y.aaia tou opou xaTa EHEXTaar) tou opou [Ji?r)c t«v unEpnESiwv i?, H axo u- 

TiEpSuvafiixo Tr]c E^. (2.16), Ecpoaov loxuel xai as xai-'''lXec evEpYEisc Ec- (2.32). AxoXou^uvTac to 
ETiLXEiprjiJa Tr]C Av. [9], av mfj = 0, tote ol TiiiJavec XuaEic tcov E^. (2.39) xaL (2.40), EivaL: 

• Vi = V2 = 0, onoTE 8ev aufiPaivEL to SSB 

• Vi = 0, V2 = 8m1/{g'^ +5'^), ohote ano tic ax£(|)Eic oxE^Lao^ou tou UTiEpSuva^ixou, tou E8. 2.3.2, 
[isvouv d[ia(la Ta down-quark xai Ta XsTiTOVia. 

• V2 = 0, vl = — 8m|/(g^ + g''^), ohote tioiXl ano Ta aunnEpdanaTa tou E8. 2.3.2, ^svouv d^ia^a Ta 
up-quark. 
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ELodyovTac; tx] paoixr] Tiapd^expo /3 tou MSSM ^eow twv oxeoEwv: 

Vi=vcp, V2 = vsp, tan^:= — (2-41) 
v'^=vl+vl, 2viV2 = v'^S20, vl-vl=v'^C20 (2.42) 

TIC sukoysc, ouvT^iasic cos := cp, sin/? := Sjs sin 2,5 := S2p, cos 2/3 := C2/3 xaL )(pr]oi^OTi:oiwvTac; xa 
^ETaYEveoTEpo anoTEXEo^a ttjc; E^. (2.47), 01 E^. (2.39), (2.40) ypacpovTai, tzio PoXlxoc 

mj = -mjjtan/? - ^M|c2/3 , (2-43) 
= -m?2C0t/3 + ^M|c2/3 . (2.44) 

Xpr]ai[iOTioicovTac; xouc; opiafiouc; t«v E^. (2.30), (2.31), (2.32), 01 Tiporf{o()y.svsc, ^Tiopoiiv va Xu^o6v uc; 
npoc TIC napdfiExpEc /i ([iE Tr]v aTipoa8iopiaTia evoc Tipoor][iou) xai -B: 



m% - m\, tan^ /? 1 „ mi, + m^^y + 2u^ 

tan' 1-1 '^ -^"1.^' = -^^ " „r " ■ P «) 



Sxa apii5[JY]Tixd TipoYpd[J[JaTa auvr]'d«c unoxMExai t] etiitux'/^C SSB [isaw xpavxixwv Siopi^tbaEUv xaL ^e 
SeSo^evo to tan/3 XafipdvExai to /i ^isaco twv E^. (2.45), oticjc i5a E^riyirdEi OTa E8. 6.4. 

2.4.4 TojjLEaq AiavuajjLaxixwv MTtoJ^ovitov 

Oi opoi [id^ac Y'-O' ™ 8i,avua^aTixd ^Tio^ovta npoxOnTouv ano touc xi,vr]Ti,xoU(; opouc Tr]C E^. (2.28). IIlo 
ouyxExpL^Eva, SpuvTac; ^e tov TEXEOTrj Tr\z ouvaXXoiUTrjc; -KapaY^YOu ttjc; E^. (2.18) otic; E^. (2.38), 
Xa^pdvovTai extoc; ano touc; opouc; aXXr]XETii8pdoEuv, xai 01 TiapaxdTU 

22'''''' + 44.2^ 2 ^''^ + 2 2 + 44.2^ 2 

nou [inopoOv va Ep^rjvEUTOiiv uc; opoL ^d^ac;. To cpda^a tuv SLavua^aTLXtJv ^■ko^ovluv tou tipotOtiou 
auvLOTaTaL ano: 

• Aug Stavuo^aTLxd ^-KO^ovLa, W'^ , ^d^ac; Mw TETOLac;, uote: 

M^W+W^^- = ^{vf + vDW+W- ^M^ = ^g'v' (2.46) 

• 'Eva ouSETEpo Siavua^aTixo ^■ko^ovlo, ^d^ac; Mz TETOiac;, (xtaxs: 

\mIZ,Z^ = ^^{vl+yl)Z,Z^ ^Ml = -y+g''')v-' (2.47) 

• 'Eva ouSsTEpo Siavua^aTLXo ^tio(16vio, [xoLsiq Ma = 0, acpou 8ev npoxunTEi. opoc \ialiac, yia auTO, 
TipdYHa -Kou rjTav ava^Evo^Evo acpou ETi:i.Cr]TEiTai o cpopsac; tou ir]XEXTpo^aYvr]Tio^ou va Eivai d^a^oc;. 

EtiltiXeov, xpi^oL^oTioLCJVTac TT] ox^or\ a(jv8sariz y.s Tr\ oTa-dEpd Fermi (Gp = 1.16639 x 10~^ GeV~^) tk]? 
EVEpYoO ^Eup[ac; tuv aa^Evtbv aXXrjXETiLSpdaEuv, Xa^pdvETai r\ apLiJ^riTLxy] tl^V] Tr\z VEV: 

V = ^ = (^/2Gf )-i/2 = 246 GeV. (2.48) 

g 
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nCvaxaq 2.2: M7]xavion,6q Higgs oto MSSM 



IIpiv TO SSB 


iVlEX 


uC TO oijxj 
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2 
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2.4.5 To^sat; MTtoJ^oviojv Higgs 

Eutjfpwva tj£ Tr]v E^. (2.10), oi Tiivaxec [ia^wv t«v [iTio^oviuv Higgs TipoxiiTixouv aTio Tr]v avdrnxu^r] tou 
Suva^ixoO xi]c, E^. (2.33) yup" ai^o to xevo xr]? 'dEwpiac; 

OTiou Vo = Vij(i'i,W2)- Oi Tiivaxe? twv TExpaywvwv tcov [ia^wv tiou Tipoxu-KTOUV, Eivai, ou^^sxpLxoi xai 
8LaY"'»'oii:oi'OU'»'TQ'i- evav opTJoyuvio \xzTaayr\\xaT\.a\x6 

mK^^^.^m 6.0. Rie)= [21 -r/] 

EiSixoTEpa OL nivaxec; y.a.Z,(x>v nou E^cpavL^ovxaL aTr]v E^. (2.49), sivai: 
a. o Tiivaxac; \iaZ(i>v tuv CP-nEpLTTUV ^no^oviuv Higgs 

HE lAT 

0, TO^ = toJ + = — mj2/s/3C/3 (2.51) 

xai Tiivaxa 8iaYwvoTi:oir]or]c; tov i?(— /3). Atio Tr]v E^. (2.51) eTiaXr]i9suETai x] ar]\iaaia tou opou 
aXXr]Xs7iL8paar]c; tcov 8uo Higgs uote va [ar]v TipoxuiTXEi djia^o ^-ko^ovlo Higgs. 

p. o Tiivaxac [iaCwv tuv CP-dpTicov ^noCovicov Higgs 
HE lAT 

<M = \[r< + Ml± ^{m\ + M|)2 - 4m2iM|c2^ ] (2.53) 
xaL TiLvaxa ^LaycovoiioLrjarjt; tov otiou T] a opL^f^TaL ano Tr]v STio^svrj: 

?7i^ _j_ 

tan 2a = tan 2^ — f , -7r/2 < a < . (2.54) 
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Atio Tr]v E^. (2.53), untipxEi. eva ^EyioTO ott] ^d(la tou h, nou Xa^pdvexai yi-Qi = 1 xai sivai to 

(m'Jma. = (ml + Mi-K-M||)/2= <^ ^' ^ ^ (2.55) 

Se xotds TiepiTiTuor] SrjXaSr] jipeTiei < M|. H Tip6pXE(j;r] auxr] xpoTioTioiEiTai Tr]v Ti:pocrdir]xr] twv 
SLopi^tbaEUv evoc; Ppoxou otiuc; cpavEL axo E8. 3.2.2. 

y. A1j_ o Tiivaxac; ^a^tov tuv cpopxiafievwv [iTio^oviuv Higgs 
HE lAT 

0, m\± =m'^A + Mw- 

xai nivaxa ^ia'xctivoTioir]ar]c. tov -R(/3) 

Su^nEpao^aTLxd, tov ^r]xavio^6 Higgs oi 8 pai)^oi E^EU^Epiac; tuv ^no^oviuv Higgs tzou SietJete 
apxixd 7] "dEcopia, avaxaxavEfiovTai. Tpsic ano auxouc [iETaxivouvxai axov xofisa tuv SiavuafiaTixuv [i- 
no^oviwv Tiaps/ovTac; ^d^a axa W"*", W~, Z, evcj ol unoXomoi tievte ava8iaTdaaovTai axov TO^Ea tuv 
^no^oviuv Higgs, napExovxac; to teXlxo (pda^a tuv paTj^UTtov ^■ko^ovluv tt]? ^Eup[ac; tzoxj sivai: 



2 ouSsTEpa [ino^ovia [je CP = 1 

1 OUSSTEpO [JTIO^OVIO [JE CP = -1 

2 (popTLOfiEva [ino^ovia 



h,H 
A 



H xaTa^ETprjar] tuv pa^^tjv EXEUiOEpiac; twv aw^axiuv tiou unEiaspxovTai, axo ^r])(avian6 Higgs npw 
xaL ^Exd TO SSB a-KELXovL^Exai axov Hwaxa 2.2. 



2.4.6 To^Eaq $Ep^iovi6JV 

HapETiofiEvo TOU [ir]xavia[iou Higgs Eivai o EcpoSiaafioc tcov cpEpfiiovicov [je [jd^EC oncoc TiEpi.Ypd(pr]XE oto 
E8. 2.3.2 . A^ioTioicovxac xai tic E^. (2.41), (2.47), oi ^id^Ec; auTEc Xa^pdvouv -'i] [Jopfpr]: 

hi[D,]V2MwCi} hu^V2Mwsp 
mi[d^] = hi[D^]Vi = , mu^=hu^V2 = . (2.57) 

Eniori^aivETai xai TidXi otl aYvor]i}r]xav Ta (paivo^Eva avd[ii^r]C avdfiEaa otic yeveec itou "da aTiaiTOUoE 
nivaxiXEc; ^eu^eic; Yukawa xai eho^evuc; 8LaYovoTioiir]or] touc; yai Tr]v etiiteu^t] IAK ^d^ac;. 



2.5 To SUSY cpdo^a tou MSSM 

H [iEXpi Twpa avdXuar] tiou ETHxEipriiSi^XE oto MSSM eixe xdTioia OTOixEia YEvixoTrjTac;. STa TipoYpdjijia- 
Ta apii5[ir]Tixr]c E^ofioiuaiqc; jp'^'^'-y-OT^o'-oi)^'^'^'- xdTioiEc; aTiXon:oi,r]TiXEc; ■KpoaEYY^cyEi.c;. Stoxoc; Tiqc; Ev6Tr]Tac; 
auTi(]c; ELvai r] avdSEi^r] twv ■KpoaEYY^cyEuv auTtJv xai y] aTiXonoirjar) tou xpT'|-M'^''^°'-'^'^M^'''°'-' cyu^poXia^ioO 
OTO E8. 2.5.1. 'E-KETai r] -Kapouoiaor] tou cpdo^aTOC tcov sparticles tou MSSM oTa E8. 2.5.3 xai 2.5.2. 



2.5.1 UpoacLpyioyri au^(3oXia^oO 

H fiaav/tr] :iapahoyj] tmu ex^'- aTiXoT:oi'r]TiX£c; ETimTCoaEic; oto (pdatja tou MSSM xai oto xp'loif-ionoio'jtJEvo 
au^PoXia^o Eivai oti Ta (pEp^iovia tcov 8uo TipwTWv oixoyeveicov i5E«pouvTai d^a^a. H UTiofdear] auTH] Eivai 
EuXoYT] av avaXoYicrdEi xavEic; tt] Siacpopd [doZac, nou undpxEi avd^Eoa otic; ^d^Ec; tuv cpEp^ioviuv tuv 
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8uo npwTWV oixoYEVEiwv xai oe auxsc Tr]C TpiTrjc;. Ano tic; (^eu^elc Yukawa £ti:i(1ouv xai ^£TOVo^d(lovTai oi 
■KapaxtXTu: 

/ir, hus = h, = h (2.58) 
OTiOTE o TUTioc; ^a^uv XT]? E^. (2.59) ^ETacppd^ETai uc; E^rjc;: 

174/1/ S/3 GeV, av f = t 
mf:=\ 174/1/C/3 GeV, av/ = 6,T (2.59) 
GeV, av f = e, Vg, Vr, u, d 

OTiou 174 = xai /prjoi^onoiEiTai to lSlo au^poXo Yi-ot to' cpEp^iLOVLa tuv 8uo TipuTUV oixoyEVEiuv. 

EuvEHEiEc; auTrjc; tt]? aTiXoTi:oLir]or]c; Eivoti otl xoti oi SBT tuv 86o TipuTUV olxoyeveluv Tipoxu-KTOUV EXcpuXto- 
^EvoL, OTiuc; anopEEL aTio TLc; RGE tou E8. A'. 3, otiote o ay>\j.^ok\.a\i6Q ^ETE^EXiaaETai uc; E^i/]?: 

Lr = Ll, Er = Tr, Qz=Qlj U3 = tR, Do, = hR (2 60) 

Le[n] = -Eg[^] = Br, Qi[2] = QL, t^l[2] = Ur, Djjj] = (Ir 

Me tic; TpoTi:oTioir]OEic; auTSc;, o ou^poXio^oc; Evap^ovi(lETai ^e tov )(pr]oi^OTioiou^Evo oto IlapcipTri^a A'. 
2.5.2 To^saq Sfermion 

nivaxac; tuv sfermion upoxunTEi. (Av. [6]) ano Tir]v avtXTiTU^r] xaTa Taylor tou SuvavLxou Vmssm 

yupw aiio to xevo ttjc 'dEcopiac, auficpcova \xe Tr]v E^. (2.10). Ta Siaycovia aTOi)(£ia upoxunTOUv aiio touc 
opouc; Twv E^. (2.25), (2.26), touc; Tipoa'dETaiouc; ttjc; TipwTrjc; ypotHHi^? ti^? E^. (2.27) xai. auTOUc; ttjc; 
TEXEUTaiac; ypa\j.\j.i]Q xTfi E^. (2.24). Ta \j.r\ SiaytivLa aTOL)(Eia upoxOnTouv ano touc; opouc; Tr\z TE^EUTatac; 
ypa\d\j.i\z TTf, E^. (2.27) xaL touc; Siio TiptJTOuc; TipocrdETaLouc; xrf, E^. (2.24). TeXixoi o EvXoyw Tiivaxac; 
YpdcpETai: 



(2.61) 



Stov nivaxa auTO E^cpavi^ovTai: 

• AiayuvLa oTOi/Eia, nou ^nopouv va ypotcpouv coc; E^rjc;: 



m^-j^ = m^^^ +mj + MzgfLC2i3, (2.62) 
ifl = m/H+™/ + ^^ifl/-RC2/3, (2.63) 



m 



Vr,T,t,h (PapLEc; YEVEEc;) J Ll [Ql], av / = z/^, r [i, 6] 

^lE / = ^ xai := < (2-64) 

Ve, e, M, d (EXacppEc; yeveec;) I [gj,], av f = Ug, e[u, d\ 

Oi m_D^^ xai m/jj EivaL ol SBT nou SivovTaL oto IIapdpTr]tia A'. 3. Ilpocpavcjc;, mj^ = 0, av / = v^, Vr- 
Oi Tioa6Tr]TEc; gfL[R\ unoXoytCovTaL ano Tr]v E^. (2.21) xai o^aSonoioiivTai uc; e^V^c;: 

— Fia Ta XETiTovia: 

QfR = 5/(0,0), gfL = 5/(1/2,0) av / = i/^, z/^ 

5/L = flf/(-l/2,-l), QfR = 5/(0,1) av / = e, T 

— Fia Ta quarks: 

9fR = 5/(0,-2/3), gfL = Qf {1/2,2/3) av f = u, t 

9fL = 5/(-l/2,-l/3), gfR = 5/(0,1/3) av f = d, b 
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ntvaxaq 2.3: ^dto^a TnepoufjifjiETpixtov I](o^aTi5[(ov 
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-1 
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W^, H , H+ 


Xi ) X2 


1/2 


-1 


Gluinos 




5^ 


1/2 


-1 



{Af + /icot^), av f = t 
{Af + fitan P), av f = b,T 
0, av / = e, Z^e, i^r, M, 



(2.65) 



Meow T-r]c. E^. (2.65), o iiivaxac tt]? E^. (2.61), TipoxuTixsi SiayMVLOc; yia tic, eXacppe? Yeveec. evw y''°' 
Papiec; y^veec;, SiaYWvonoieLTaL [is Evav opTJoytivio TiLvaxa iZ/ ac, s^'f\c.: 



i?|A^^i?/ = diag(m^^ , m^J [ie rn^^>mj^ 



onou mj^, m^^ ol IAT tou Tiivaxa M.^ avxiaxoixec; lAK tlc; 



(2.66) 



(2.67) 



xai xpiT'i'MOTi^oiri'dTixav 01 suXoysc ouvxjiiasic s/ := smOf, Cf := cos6f. Hpofpavwc; rj SiaSixaaia 81- 
aYWvoTioir]ar]c; aTioxxd papiivouaa a^ia oxav xa y.r\ SLaytivia axoi)(£ia xou iiivaxa x'r]c; E^. (2.61) EivaL 
oir]^avxixd, Tipdyna nou ou^paivEi xupiuc; oxav r] Tiapd^Expoc; tan /? Xa^pdvEi u(j;r]Xec; xl^ec;. 

2.5.3 To^Eaq t6jv Neutralino xai Chargino 

Me XT] SiaSixaoia xou SSB, 01 lAK paiJfiiSac; xuv gauginos xai higssinos ava^iyvijovxai xai napexouv xic; 
lAK [doIiaQ nou ovo[id((lovxai neutralino xai chargino. Oi [iovsc ano xic lAK paiOfiiSac nou Ssv ETiipsdClovxai 
ano xir]v avd^i^r] auxV] xai xauxi^ovxai [le xic lAK ijdCac; sivai auxsc; xuv gluino. Oi IAT xouc; TipoEp)(ovxai 
^lovo ano xouc; SBT xr]c; SeOxepr]^ Ypofl^iJ^C ""^i^; E^. (2.27) xai Eivai 01 M3. 

Ol opoi [jd^ac; twv utioXoitiwv gauginos xai higgsinos xac'-votjouvxai (Av. [6]) o)(ir]^axiCovxac; xouc; 
nivaxec; xwv neutralino xai chargino, 01 onoioi [JsXsxwvxai napaxdxco: 

a. Tiivaxac; xuv Neutralino. IIpoxuTixei ano xrjv ojia8oT:oir|ari xcov ir]XEXxpixd ouSexspuv opuv xuv 
gauginos xai higgsinos, 01 onoioi ^nopouv va ypofcpouv coc ec'/ic: 



-iB -iWs Ho Ho M^o 



-iB 

-iW3 

Ho 
Ho 



+ h. c 



(2.68) 
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onou o Tzivaxac, \ia.Z,(i>v tcov neutralino, sivai: 

-Mzswcp MzswSfs ' 

_!i/r„....o„ ^^^^^^ 



Ml -MzswC0 Mzswsp ' 

M2 Mzcwcp -Mzcwsp 

-Mzswcp Mzcwcp iJ 

Mzswsp -Mzcwsp n 



EO^cpwva ^£ TT] YEvixT] E^. (2.11), 01 opoi tou Tidvw apiaTepou TeTQ(pTir]Hop[ou, npoepxovTai ano Tr]v 
E^. (2.27), TOU xtXTU Se^lou ano Tir]v E^. (2.22) xai tuv ^r] ^\.ay(SiV\.u>v aizo Tr]v E^. (2.23). 

nivaxac irjc E^. (2.69) eivai aufifisxpixoc xai [JTiops'. va SiY^voTioirj^EL XP'^'^'^ svoq op-doYMviou 
nivaxa Z. O TipoxuTixov rlvaxaQ Z^Adj^oZ swai SLay^vioc; aXXd 6)(i aMdYxaaTixci \iz ^etlxec; IAT. 
HpETiEi va opioTEi o TzivaxaQi 

N = diag{e-</^ e-''-l\ e-</\ e-</^)Z (2.70) 
OTiou 6*° = Axg{Z'^M^oZ)nn, n = 1, 2, 3, 4 (2.71) 

Ilpofpavcoc Sev EvvoEixai dcdpoiar] axouc Seixtec n. Ehohevcjc;, T] 8iaYWvoTioir]ar] xou nivaxa Tr]c; E^. 
(2.69) TiapEXEL Tic; ^id^E? tuv neutralino uc; E^i/]?: 

N'^M^oN = diag(mT^, m^^o, "^^l]) (2.72) 

'Onuc; avacpEp-OEL oto XECpdXaLO 5, to LSP aitvi^Ctic, upoxOnTEL va ELvai T] EXacppoTaTT] aTio tlc; IAT 
TOU nivaxa TT]? E^. (2.69) xaL -xiaviTO ou^poXi^ETai nio ouvTO^a aizo tic, vmokomzc, uc; rrij^. 

p. O Tiivaxac; twv Chargino. DpoxOnTEi ano Tr]v o[ja8o7io[r]ar] tuv r]XEXTpLxd (popTLO^Evuv opuv tuv 
gauginos xai higgsinos, oi onoioi [inopoOv va ypof^ouv «c E^rjc: 

onou opiaTr]xav oi OTiivopEc; 

r:=[-f;] X„ *-:=(-£'-] (2.74, 

^E W"^ := (W^ =F iW^)/-\/2 xai o Tiivaxac; y.aZ,(hv tuv chargino, Eivai: 

M2 v^Afw'S/ 



r V2A%.s,fl>| 



Su^cpwva ^E TT] ysvixr] E^. (2.11), o ndvw apioTEpoc opoc tou npoEp/ETai ano Tr]v E^. (2.27), o xdTW 
Se^ioc; aTio Tr]v E^. (2.22) xai 01 [ir] Siaytivioi aTio Tr\v E^. (2.23). 

O nivaxac; A^j^± Sev Eivai o6te Ep^iTiavoc; o6te aufifiETpixoc; xai enofiEvwc SiaywvoTioiEiTai XPT^'-" 
^onoiuvTac; sva 8i-[iova8iaio [iETaa)(r][iaTia[a6 U'* Aij^±V^^ , onou U' xai V Eivai Ep^r]Tiavoi nivaxEc; 
nou SiaywvoTioiouv tov spfiiTiavo nivaxa ./\4tj.^\4^± coc eE,r]z: 

ViMl.M^±)V-' =dmgi\m-+\\ |m-+ p) = [/'*(A1-±7Wt ±) ([/'*) (2.76) 

nivaxac; U'* J^^±V~^ Eivai Siayuvioc; aXXd oyi avayxaoTixd ^e tJetixec; IAT. IIpEnEi va opioTEi o 
nivaxac;: 

U = diag(e-''^?/2^ e-''^^/^)U' 6nou Of = ATg{U'*M^±V-^),c, c = 1, 2 (2.77) 

Ilpocpavwt; 8ev EvvoEiTai dcdpoior] otouc; Seixtec; c. Eno^Evuc;, r] Siayuvonoirior] tou nivaxa Ty]c. E^. 
(2.75) napsxEi tic; [laZsz tuv chargino w<; E^y^i;: 

J7*7W^±yt = diag (m-+, m-+) . (2.78) 

Oi lAK Sa-diJiSac; (r.pw to SSB) xai [id^ac ([iETd to SSB) twv sparticles tou MSSM xaTaypd^ovTai gto 
auyxEVTpwTixo Ilivaxa 2.3, ^a^i ^lE touc; xpavixouc; apnJ^ouc tou spin xai Tr]c; i?-Parity. IlapaTripEiTai oti 
yia Tic; lAK ^d^ac; tuv sfermions tuv 8uo npuTUV oixoyEVEicov xpi^oifionoiEiTai to 1810 aufiPoXo. 
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2.6 AXXrjXsjiLSpaor] Fermion-Sfermion-Bino 

H nio ar][iavTixr] aXXr]XETii8paar] tiou "da )(pr]ai.[jOTioi,r]t)si axic, ANE xai otic; ^lxtec; CAE {x ~ f), onuc; 'da 
avacpspiJEi OTO E8. 5.5, eivai t] fcrmion-sfermion-Bino. 

H aXXir]X£Ti:[8paoTi ami] TipoepxsTai and to T^r][ia Tr]c XayxpaCicxvric Tr]c EC- (2.23) xai 8r] tov upcoTo opo 
TT]?. Opi^ovTac; Touc; OTiivopsc, [is 4 auvLaTtJCJEc; ac, s^i]c.: 

''{(ft)'] <^'™) 

([is TO / va TiaipvEi, th; Titjsc; t:ou (paivsTai aT'r]v E^. (2.59) ) o axsTixoc; opoc E^. (2.23) jpac^sxai [is XP'^'^'^ 
Tuv lAK pa'dni8a(; (ae ap^ovia y.s ti? E^. (C.75) t/]? Av. [13] xai (A. 23) tt]? Av. [12]) 

%x = V2g tan ew{-YfLfPRfLX + YfRfPLfRx)+^c (2.80) 

ExteXuvtmc tt] aTpocp-fi opia^ou tuv IAK [idCac ttjc Ec- (2.67) xai xpTjai^OTioiuvTac ttjv E^. (2.20), r] E^. 
(2.80) Ypacfexar. 



C - = ^ 

Cw 



H-YfLPRCf + YfRPLSf) hx + I {-YfLPLCf + y/ijPflS/) //r 



+ f{YfLPRSf + y/ijPLC/) /2X + I (YfLPLSf + YjrPrCj) f f* 



(2.81) 



Oi xofiPoi Feynman nou avTXoOvTai ajio T-r]v Ec. (2.81) 8ieu'dETo6vTQ(L oto E8. B'.3.2. A^l^el vot 
or][i£iwdEi OTL TO 5^/L[i?] 8ev avTLOTOi/Ei axpipuc; oto UTiEpcpopTio nou orj^ELUVETaL otov Ilivaxa 2.1 aXXd 

OTO y/2. 

Sto arp.z\.o auTO louc; EnpETiE va avacpEp^ouv oXa Ta -\iri\iaTa Tr]c XaYXpa(liavir]C tot onoia napE- 
Xouv aXXr]XETii8pdoEic nou y_9'^'^^^^''^ovfpr\'>ia\ otic CAE. Auto, 6[i«c, ouaiaoTixd iJa xaTEXr]YS oe ^La 
ava8r][ioaiEuar] t«v Av. [12] xai [13]. FiauTO xai EyivE r\ ehiXoyV] tk]? Ev8EiXTixii^c Tiapouaiaar]C [iovo [iiac; 
aXXr]XETii8paor]c, Tr]C PaoixoTEpr]?, nou Eivai f\ fermion-sfermion-Bino xai r\ 8iaYpa^[iaTixr] xaTaypatpr] tuv 
UTioXoiTiuv OTO E8. B'.3.2. 



KecpciXaLO 3 

3.1 FiiaoLjoiyri 

Mia 8isp£uvr]ar] tou MSSM STiexEiva xou SevSpixou STimeSou -da STiixeLpirdEi ae auxo to xsfpdXaio. To 
EYX^^PW-°'- E^'^'Od avayxaLO xupicoc otic, TispiTcxcoasic neyaXou tan/3, to onoio Eivai Ohotito \ia Tr]v TipoxXrjar] 
lo/upuv 8iopi5uoEuv. Ap)(Lxd ^eXsxwvxai oi unEpou^fiETpixec; SLopiJcooEic; nou Xa^pdvouv oi [ioZsc, tou CP- 
even TO^ea Higgs tou npoTUnou oto E8. 3.2 xai ott] auvzyeia, twv cpEpijioviwv Tir]t; TpiTrjc; oixoyEveLac; oto 
E8. 3.3. TeXoc, OTO E8. 3.4 ■KapouoLd^eTai to tuhoXoylo nou Tcap£)(£i tov avrjYf-ievo Xoyo (: branching ratio) 
Tr]c; 8i.a8ixaaiac b sj. Ta £(p68i,a tou xscpaXaiou auTOii, eivai Ta paoLxd xpiTi(]pLa (pawo^EvoXoYixy]? 
^eXett]? 8La(p6puv eL8LXCjJv £x86aEuv tou MSSM oto EpeuvrjTLXo T^y^^a Tr\z epyoLoioLz iiou axoXou^y^aEi. 

3.2 Aiop'^oiGsiq OTiq [i6ul,eq xtov MkoJ^ovlcov Higgs 

KsvTpixo poXo OTO "dsfia tcov 8iopi5coa£wv nou npoaTMevTai oto 8£v8pLxou STzmihovi 8uva^ix6 tou MSSM 
TiaiJlEi X] Evvoia Tr]c Tipovo[iiaxr]C xXifiaxac EvspyEiac, r] onoia EiadyETaL oto E8. 3.2.1. AxoXou^el oto E8. 
3.2.2 TO TunoXoyio tiou Tiap£)(Ei tic 8i,op'dcjJOEic; OTa CP-even Higgs ^no^ovia, ol otiolec; ELvai a^ioorjUEiUTEc; 
yia TO EXacppoTEpo ano auTd, to h. 

3.2.1 npovofjiiaxiQ KXi^axa Evepysiaq 

H Evvoia Tr]c; Tipovotjiaxric; xXitjaxac; evspYEiac; EiodyETai. ano touc; Drees xai Nojiri oTTjV Av. [18] xai, ex 
TOTE axoXoui}£'.Tai ano tioXXec; otJC(8ec; epeuvr-MV. SutJ(p«va [iE touc; etJTiveuaTec; auT7]c; ttjc; i8eac;, UTidpxE'. 
xXifiaxa EvspYEiac, Ms, aTr\v onoia oi 8iopi}cjaEi(; oto ETiavaxavovixoTi:oir]H£va PeXticj^evo oe £Ti[n:£8o evoc 
Ppoxou EVEpyo 8uva[iix6 (one-loop renormalization group improved effective potential) nEpiopi^ovTai, xai, 
£t:o[J£vwc;, to £T:avaxavovi,xoTioi,r]tJ£va PeXtiwijevo ae 8£v8pix6 £t:[t:£8o EVEpyo 8uvatjix6 (trcc-lcvcl renor- 
malization group improved effective potential) 8iv£i tiio acionioTa anoTEXsofiaTa oe ami] Tr]v EVEpyEiaxr] 
xXi^axa napd oe OTioia8i(]Ti:oTE aXXy]. Apa, Eivai, wcpsXitJo va ywETai oe auTii]v Tr]v EVEpyELaxr] xXi^axa r\ 
EXaxiCTTOTioiria'r] tou EvspyoO 8uva[iixou afpou oi 8iopt>waEic avafisvovTai va eivai [iixpsc,. EtiltiXeov, oe auTiZ] 
Tr]v xXi^axa oi 8iop'dcooEic ott] ^d^a tou CP-odd Higgs, tua sivai sc,Laou [iixpic,. 

Ol ouvEiocpopsc nou XafipdvovTai UTiotpr] otic; 8iop'dcooEi.c; auTSc; Tipos/ovTai, ano ppoxouc; tje sfermions- 
fermions Tr]c TpiTr]C oixoysvEiac xai 8ivovTai oto HapdpTrifia Tr]c Av. [18]. ET:£i8"r| [jaXioxa, otic; 8iop'dcooEic 
auTEC, npoE^dpxouoa Eivai 7] ouvEiocpopd twv papuTEpwv ano Ta sfermions, cpuoioXoyixd twv stops x] npoo- 
E^XioTixii TauTOTrjTa auTiTjc Tr]c EVEpyEiaxy^c; xXi^axac; Eivai: 

Ms - V^^ifjn^ ■ (3.1) 

Eivai 8uoxoXo va y^vEi eXeyxoc; twv nporjYou^svcjv anocpdvoEWv. Kai auTO, 8i6ti anaiTSiTai va u- 
noXoyioEi xavEic; tic; 8iop^uoEic; avuTEpuv Td^Euv -xia va nEioTEi "Xict Tr]v opiSoTTiTa i] [df] tcov lo^upioficov 
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fL,R ' 



h[H] 



h[H] 



L,R 



/ ^ 

h[H] I ^ h[H] 
1 j 

\ / 
^ / 

N ✓ 

fL,R 



'S,-/r\\xa. 3.1: Ol Ppo/oi to)v sfermions, f := t,b kou auvsLacpepouv axr) Siop-daar] T/jc; [jdCocc; rav CP dpuov 
Higgs h, H. 



nou Siaxunco'drixav napanavco a)(£Tix6( [ds Tr]V a^ia Tr]C svepYSiotxr^c auTr]Q xXijjaxac;. Bepaiuc, und(p)(ouv 
veoTspEC, psXTiufiEvec exSoaeic; tuv SiopiJcoaewv auxuv, oi nio TiXripeic twv onoiuv ExxMEVTai axa IlapapTr]- 
[iaxa D, E Tr]c Av. [19]. Oi 8iopi5coaEic auxsc e^o^^ Ypo"?^' api-OtiriTixo Tip6-(pa\d[j.oi. nou XP'']'^'-' 

\dOTioirpr\xe axov unoXoyiaiao Tr]c Av. [72]. Exsi xai jivETai xdiioioc ay^exixoc, axoXiaa[a6c; t«v £upr][adTWv 
aTr]v ETiixivSuvT] TiEpiTixwar] xrjt; u(Jjr]Xr]t; tan /3. Ta au[JTiEpda[aaTa auvo(|i[^ovTai axa Tiapaxdxw ar][JEia: 

• Ol SLopiJcoaEic aTr]V napdjaETpo fi {uTiokojianivr] and Tr]V EXa)(iaTOTioir]ar] tou EnavaxavovixonoirijaEva 
PEXxicojiEvou OE SEvSpixo ehitieSo EVEpyou 8uva[aixou as xXi[aaxa Ms) ocko Trjv EXa)(iaTOTioir]ar] tou 
EnavaxavovixoTioiri[a£va PeXtiwijevou as euitteSo evoc Pp6)(ou EVEpyou Suvajaixou Eivai ari[aavTixd 
[iixpsc, Tr]C xd^EWc 1%. Ta aTioTEX£a[jaTa auxd, Eivai E^aipExixd Euaxa'dr] \ds jiixpr] jiExaxivrjar] xr]c 
iipovo[aiaxr]t; xXi[jaxac M5. 

• Ol ouvEiacpopsc and Ppoxouc neutralino-neutralino chargino-chargino evioxe 8ev Eivai a[aEXr]xaiEt; 
xupicoc axr) nEpinxwar] xou (popxia[a£vou jano(lwv[ou Higgs, updyiaa tiou xaiJiaxd xtj SiopiScoari a^ioar]- 
[jEicoxT] yi-Of [iixpd A TiEpinou 20% aXXd aa'dzvr] apyoxEpa 2%. EtiitiXeov, 01 SiopiScoaEic axr] jad^ot 
xou EXacppou ouSsxEpou jano(loviou Higgs Eja(pavi(lovxai jjEicojasvEC xaxd 8% nepiTiou sv(i> as ami] 
xou papuxEpou ouSExspou [iTio^oviou Higgs Ejicpavi^ovxai au^TjiaEVEc xaxd 10% TiEpiTiou. EtiitiXsov, 
■Kapaxrjpeixai aaxd-dEia axr] au[iTiEpifpopd xwv aTiox£X£a[adxwv auxwv, \ds [Jixpr] [JExaxivrjar] aiio xo 
xupicoc Y''°' ''^'■C [JaCec xcov /i, i?, H^. Auxo ocpsiXcxai axic etiitiXsov auvsiocpopec tiou ar][jEicoi5r]xav 
uporiYOUfiEvwc. Fi auxo xai xeXixd 8ev au[jTi£piXa[jpdvovxai oxov un:oXoYi.a[j6 Tipdyt-ia nou xa'diaxd 
xa aTioxeXEojiaxa au[a(p(jjva [ds xa xoivcoc xsi\dsva. 

Tia xouc Xoyouc auxouc Ssv i5Eupir]'0r]xe axoniiar) rj napouaiaar] zvoc, xoao axXrjpou xuTioXoyiou xa anoxeXca- 
[iaxa xou otioiou Sev ETiripEd^ouv aia'dr|xa xa (paivo[j£voXoYixd xai xoafJoXoyixd E^ayofJevd [jag. Exa TiXaiaia 
xr]C 8iaxpipr]c auxr]c, 01 SiopiScaaEic auxEc Sev Xajipdvovxai UTiocjjT] axo apnSiai^xixo Tip6Ypa[j[ja xai xaxa ejiex- 
xaar] oxa a)(Exixd Siaypdfijiaxa. EtiitiXeov, aTiocpaaiC^Exai 6x1 r] TipoxEivofiEvrj Tipovo[jiaxr] xXi[jaxa EvspyEiac; 
Tiap£)(Ei a^iOTiiaxa aTioxEX£a[jaxa. Etioijevwc, as auxo xo EvspyEiaxo ar][JEio y^vsxai x] £Xa)(iaxoTio[r]ar] xou 
STiavaxavovixoTioir]ti£va psXxico[j£vou as ScvSpixo etiitisSo svepyou Suvajiixou xai xaux6)(pova 01 RGE xou 
MSSM Sivouv XT] ■deoTi xouc oxic RGE xou SM . 



3.2.2 Aiop-dtoaeic; axic; yLCtZ^sc, xav apxitov CP Higgs 

Ol Siop-dwasic axic (Jd^EC x«v dpxiwv CP Higgs [JTiopouv va XTjcp-doOv av axr) [jopcpr] xou Suvajiixou xou 
SEvSpixou etiitieSou xTjc E^. (2.49) TipoaxEi5ouv 01 opoi xwv xpavxixwv SiopiStoaEWv radiative corrections. Ta 
SiaYpdjifiaxa tiou auvEiacpspouv axic SiopiScoaEic auxsc, TiEpie/ouv Ppo/ouc sfermions xai Eivai xt)c [aopcpi^c 
xwv £ixoviC6[j£vwv axo !])(. 3.1. Hpo£^dp)(ouaa au[jpoXr] axo xeXixo aTioxEX£a[aa, sxouv xa 8iaYpdfi[jaxa 
TIOU TiepixXEiouv Ppoxouc ano stops, tiou Xoyixd sivai tiio papid aiio xa UTioXoiTia sfermions. Sxo xuTioXoyio 
TIOU "da Tiapouaiaaxei Tiapaxdxw aufispiXajipdvovxai SiopiOcoasic aTio Ppoxouc stops xai sbottoms. 
O SiopiOwiJEvoc Tiivaxac xwv dpxiwv CP Higgs jiTiopEi va ypacpsi «c £?i^c: 

(M')^= f ^^^^+^^4 + ^^11 -("^i + ^l)s/3C/3 + A^i2 ^ 
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Aoyw TTfi ou^^expiac tou layytzi A^^^. = A^^^ i,j = 1,2. Oi Siop'dwoEi.c; A^j^, A^^j ^Q"' ^^22 
PpiaxovxaL ano Tir]v Av. [18] xai unoXoYiCovTai ano touc; -KapaxtXTU tuhouc;: 

^2 \ 



^il>22 



OTIOU 



35^ 



167r2M2, 



+ 2Z,, In — 



35^ 



167r2M2, 



In 



rnj m~ 
ti 12 



+ 2Zt In ■ 



35^ 



167r2M2, 



TO? 



m ln^i + Zig(m|, TO?) 



TO? 

t; 



In 



m? 
02 



+ Zbg{ml ml) 



TO? 
92 



g{ml,ml) 



nrii + Too , m? 

— =■ In — - 

2 ^2 • 



m 



(3.3) 



(3.4) 



(3.5) 

(3.6) 
(3.7) 
(3.8) 



\1E Rq = cot /3 [tan/3] -xia q = t[b\. H SLopiJu^evr] y^via 8iaY"'»'0'to^iT'r]c; PpioxETai ano Tr]v napaxtXTu: 



tan 2a 



-(to^ - ^|)c2/3 + (A^i, - A^22) 



(3.9) 



To aTiOT£X£a[aa £(pap[iOYr]C tou TUTioXoyiou auxou Sivei aarjfiavTEC SiopiOcoaEic otx] tja^a tou iJ aXXd 
orj^avTLXEc; ott] ^6((la tou h. Me tov ouvunoXoYiaijo twv 8iopi5coaeuv auxwv, r] [i£Y'''^''^i'l upopXeTiofievr] \ia.Z,a 
Tou /i au^dvExai, ano Tr]v SsvSpLXoO etiltieSou ti[J7] T'r]c; E^. (2.55) as 130 GeV, Tzpcof\da nou TipoaxaTEOEL to 
MSSM and \dia nEipataaTiXT] aTioppicj^'r]. Kai auTO, Sioti, ■f]8r] Pp[axovTaL oe e^eXl^T] TiELpdi^aTa evtotilcj^oO 
TOU /i nou avEpd(louv to xdTW smTpsTiTO opto tou eci^c: 



TOft > 105 GeV. 



(3.10) 



3.3 ALopT^woeLq Gziq ^cx^sq xwv cpep^LovCcov 

npofpavwc; aiiEU'duvofiaaTE a£ [jd(l£c; tcov cpspfiiovicov ttjc TpiTr]c; ys^sofC, a90u ae oXr] Tr]v sxTaar] auTr]C ttjc 
8iaTpip"f|c;, Ta qjEpjiiovia tcov 8uo TipcoTCOv yevEcov iJEWpouvTai. dfiaCa. Oi Tzkfipeic, e'iiad^aeic, tmu T:ap£)(ouv tic 
8iopi5coa£ic auTEc, [is oXec tic 8uvaTEc auvEiafpopsc ^ou TipoxOnTouv axa iikaiaia tou MSSM xai as eti[tie8o 
Evoc Pp6)(ou, 8ivovTai oto IIapdpTr][ia D Tr]C Av. [19]. E8« iiapouaid^ovTai axa E8. 3.3.1, 3.3.2 xai 3.3.3 
01 upooEYYi-OTixoi TUTioi nou xaTd touc ouYxpac^siQ ttjc avacpopdc auTr]C, an:o8i8ouv ^e ^lEydXr] axpipEia xai. 
OE xd^E ■KEpiTiTUor] TT] oir]^aoia Tir]c xd^E SLopiJuoric. 

3.3.1 Mdc2^a tou 6-quark 

A^ioTcpoaEXTEc 8Lopi}cjaEic [iTiopEi va TipoxO(|;ouv OTT] ^dCot TOU 6-quark ano SUSY auvEiacpopsc oe eti:[ti:e8o 
EVOC pp6)(ou, Oi Siop^uoELC auTEC, Eivai iSiaLTEpuc au^r][i£VEC c7tic ■KEpmTUOEi.c ^lEydXcov tl^uv oTir]v 
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"Hlr 



^ bR 
_l »^ 



br ' 



^ bR 
_l ^ 



H H 



(oc) 



(P) 



'S,-/r\\xcL 3.2: Oi jJpo/oi sbottom-gluino, (a) xai stop-higgsino, ([3) nou auveiafipouv azrj Si6p-do)arj t/jc 
[jdCocc; Tou b-quark 



napdjasxpo tan /3, aO[a(pwva [as xic Av. [20] xai [21]. Ta 8iaYpa[J[-iaTa ano xa onoia upospxovxai oi SiopiJcoaeic 
auTEC (paivovxai axo 3.2. 

H SiopiOwjievr] [ad^a xou 6-quark Sivexai and xov xutio: 



ml = mf, (1 + Am;,) 



(3.11) 



onou mt, Y] SevSpixou eninESou jad^a nou unoXoyi^exai ano xr]v E^. (2.59) xai Am^ r] SiopiSwar] nou £)(£i 
8uo SUSY auvsiacpopec: 

Arrib = (Amj)''^ + (Am^)**^ (3.12) 

Tipoepx6[a£VEC otno xouc Ppo^ouc;: 

a. gluino-sbottom, 3.2 (a), \dz xOno UTioXoYi.a[aou xov ehojjevo: 



(Amt) 



69 



127r2 



Bi{Ms,mg,miJ + Bi{Ms,mg,mi^ 



sin(2^6) 



Bo{Ms,mg,miJ - Bo{Ms,mg,i 



(3.13) 



onou 9i, zivai rj y^via avdjai^rjc xwv sbottom tiou ejacpaviCsxai axr]v E^. (2.67) xai [inopci va utioXo- 
yiaiSEi aiio xov xutio: 

2mb{Ab + iitan 13) 



sin 29i, 



2 2 
rri; — rri; 
01 02 



Auxi^ eivai xai r] npoe^dp^ouaa ouvEiacpopd oxr] 8i6pi5wor] xou 6-quark. 'E)(£i eXeyX''^^^ o''^'' ''1 fpopfiouXa 
auxT] xauxi(lexai nXr]pcoc xov avxiaxoi)(o opo xr]C xpi'T^''MO''^o''0'^M^^''T^ 8i6pi5coar]C ano xic Av. [20], [21] 
aXXd [IE aXXayjaevo Tip6ari[ao. 

p. chargino-stop, S^- 3.2 (P), [ae xuno unoXoyiajaou xov £Ti6[aevo: 

_ /if At tan /3 + /< 



(Am^)* 



IGtt^ ^ m? — m? 



+ 



5^ I IJ.M2 tan /3 



167r2 I ;Lt2 - M| 



c2Bo(Ms, M2, m^-J + s^BoiMs, M2, 5 



+ (// ^ M2) H3.15) 



O Tiptjxot; opoc xr]c; £5icT«ar]c; auxr]c TiapExsi- ^cjo xaxd aTioXuxr] xi[jr] (aXXd [je avxMexo ar\\dEio) anoxs- 
Xsa^ia [js TO SsuxEpo opo xou XP'1T^'-M0''^°"-0'^M^^°^ o'^o ''^'■^ [^0], [21] xutiou. O Scuxspoc opoc ti'lC 
Tipor]You[i£vr]c E^iacjarjc 8sv jiEpiExsT^of' oxic 860 dXXsc avaqjopEc; xai 8(vsi [Jia [j£i«[j£vr] o^i 6[a«c; 
a[i£Xr]xaia ouveiacpopd. 
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Oi ouvapTr]a£i(; nou uneioepxovTai otov uhoXoylo^o Eivai: 



Bo{Q,mi,m2) 



In 



+ 1 + 



12 



'-12 



■In 



Bi{Q,mi,m2) 



In 



1 1 lnxi2 

+ 2 + + (1 - ^12)2 



6'(1 - a;i2)lna;i2 



[Jle Mi2 = max(mi,m2), mi2 = min(mi,m2), xai a;i2 = m\/m\. 

Ta -KELpa^aTixd opia yia tt] ^d^a tou 6-quark onuc; upoxunTOUv ano Tr]v Av. [22] zivai xa E^rjc;: 

m,,(Mz) = 2.67 ±0.50 GeV. 



(3.16) 
(3.17) 

(3.18) 



3.3.2 Md^a xou t-quark 

AvTMexa Tr]v nepLTiTwar] tou fo-quark, r\ [daZ,a tou i-quark 8ev Xa^pdvei ar]navTixE(; SUSY 8i,opi}cjaeic;. 
AuTEc; upoepxovTai aiio to SLdypotHHa '!^oy> ■Kepiexei. to gluino-stop Ppo^o xai UTioXoyt^ovTaL ano Tr]v E^. 
(3.13) [is Tr]v Tipocpavrj avTixaTdaTaar] b ^ t. 

STr]v TiepiTiTUor] tou i-quark, sivai xpi^oi^o va siaax^ei r] excppaor] tiou Tiapexei. Tir]v cpuaixr] [lalici tou 
m( (physical) oe xomoLa EvepyEi-axri xXi^axa M: 



m( (physical) = mt{M) [1 + Ami(M)] 



(3.19) 



oTiou mt(M) T] 8sv8pixo6 ETi:LTi:e8ou jid^a tiou UTioXoytCeTai ano Tr]v E^. (2.59) xai Anit r] 8i6p'dwar] nou 
£)(£i [iia xupia SM auvEiacpopd ■KpoEpxo^evr] and to gluon-top Pp6)(o nou unoXoYtCeTai aO^cpuva [is Tr]v 
Av. [65] ano Tir]v: 



Ami(M) 



127r2 



(3.20) 



33 Tr]v LoxupT] ^Eii^r] pa'd^i8a(; Tir]v Tipoepxo^Evr] amo Tr]v o^d8a S'?7(3)c- To apii}^ir]TLx6 T^r^^a tt]? 
aY5<uXir]c; tt]? E^. (3.20) E^apTdTai ano to ayrpia ETi:avaxavovixoTioiir]or]c; nou e/el eulXeyel xai. nou oTir]v 
■nspiTiTCoari [aac; sivai to MS. 

Suvr]i}ciL)(; oTr]v E^. (3.20) Tii^ETaL r] TpE/ouoa Ti\ir\ tou i-quark mt{mt), yia Tr]v onoia Ta iiEipa^aTLxd 
opLa nou XP''T"'M°''^'^''''T'^11^°'"'' '^''^'^ SLaTpipv] (Av. [19]) Eivai Ta E^y^c;: 

mt{mt) = 166 ± 0.05 GeV. (3.21) 

onoTE Xa^pdvETai r\ noXixr] [idCa tou i-quark nou nEipa^aTixd npoa8iopiCsTai OTa 176 ± 8 GeV. 

3.3.3 MdJ^a tou Xstctoviou t 

Oi 8iopi5coa£i,(; gti] [id^a tou XsnToviou r Eivai aafpaXcoc [iixpoTEpsc as oxectt] [je auTSc tou 6-quark 6xi 
o^uc; xai ay.skr\Taizc, aTr]v nEpinTuar] tou u(]jr]Xo6 tan /3. H 8iop'dtJ^£vr] ^d^a tou XsnTovLou r 8ivETai ano 
Tov Tiino: 

ml=mril + Amr) (3.22) 

onou niriM) y] 8Ev8pixou Enn:£8ou [jd^a nou unoXoYiCsTai ano ttjv E^. (2.59) xai Am^ t] 8i6p'duar] nou 
npoEpxETai ano to Ppoxouc; cliargino-tau sncutrino xai 8iv£Tai ano Tir]v sno^Evr] (pop^ouXa: 



Arrir 



g"^ /xM2 tan ,5 



167r2 



Mi 



Bo(Ms,M2,mfJ - Bo(Ms,/i,mfJ 



(3.23) 



onou T] auvdpTy]ar] Bo{Ms,'mi,m,2) 8iv£Tai avriv E^. (3.16). 

Ta nsipafiaTixd opia yia tt] [id^a tou XEnToviou r onwc npoxOnTouv ano Tr]v Av. [19] Eivai Ta £5r]c;: 



TOr(M2 



1.74 ±0.0063 GeV. 



(3.24) 



Eniar]Ha[vETai oti otic, E^. (3.11) xai (3.22) oi SUSY 8iop'dcoa£ic unoXoYi^ovTai ae EVEpYEiaxr] xXi^axa 
Ms acpou OE auTO to orj^Eio oTa^aTd r] e^eXi^T] tcov SUSY napa^STpuv. 
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3.4 To BR(6 ^ 57) 

H SiaSixaaia b ^ sj UTiopdXsi aopapoOc; TiepiopiafioOc axo x^P*^ napafisxpwv xou MSSM. Fi auxo xai 
T] i5ewpr]ar] ttjc;, oxa -KXaioLa xwv (paivofievoXoYixwv ecpap^oywv, tiou e^exdSlovxai, eivml eniPepXri^evr]. 
Hapaxaxu napouoid^ExaL xo Ecpap^o^o^Evo oxov apL'd^ir]xi,x6 uti:oXoyi.o^6 xunoXoyio, QCD SLopiJuoEic; 
xOpiac xd5r]C (: LO) axo E8. 3.4.1 xai Tipcixr]C [iExd xrjv xupia xd^r] (: NLO) axo E8. 3.4.2. Kdiioia 
au^Tiepda^axa a^sxixd xa aTioxsXea^axa xou unoXoyiafiou auxou exxMevxai axo E8. 3.4.3 xai axoXou- 
•doiiv xa TiELpa^axixd opta nou upenEi va ixavoTioLOiivxai axo E8. 3.4.4. 

3.4.1 TujtoXoyio UTtoXoyia^oO LO QCD diop-doioeiq 

Tipcoxoc; UTcoXoYiCTtjoc; nou avacpcpsxai axr] pipXioypacpia Eivai auxoc ttjc; Av. [23], o onoioc; oijwc;, Xoyw 
■n:oXun:Xox6xr]xac;, xaiJiaTaTai 8ua)(pr]ax6c. Eu)(pr]axoc, xai xoivd aTio8£XT6(;, av xai Xiyo aTiXoTioir]xix6c, 
eivai o cpop^aXiafJoc xrjc Av. [24], o onoioc; xai napouaid^exai ixapaxdxw. O paaixoc xOnoc; izapix^i xov 
eni^axo avr]YHevo Xoyo xou b — > sj, xavovixoTioirinevo axo BR(fo — > cev), [xiacti xr]? excppaar]?: 

BR(& ^ .7) ^ I VtlVti, P 6ae„.(m,) [r?i«/^M^ + f(r?i^/^=^ - r?!^/^^)^ + Cyy,]^ 
BR(fo^cez>) |2 TT /(xe„)[l-^a.(m„)/(a;,„)] ' ^ ' ^' 

AiEuxpivr]a£ic ayzTixa [je xr]v upoeXeuar) xcov 8ia(p6pcov 6p«v nou u-Keioep/ovxal oxov u-KoXoyio^o xaiJuc; 
xai 01 apiiOfirixiXEc xi(j£c; tiou xp''T^-l-'o^O"0'J^''^°fi, 8ivovxai Tiapaxdxw: 

• avrpfidivoc, Xojoc, xr]c; 8idaTiaar]c b ceP xiiSsTai BR(6 cev) = .104. 

• H riXexxpo^aYvrixixii^ axaiJepd Xetixi/]? ucpy^c; ae xXitJaxa evEpyeiac; mi, eyei xitJT] aemim'b) = 1/132.5. 

• Xoyoc; xuv o/exixuv oxoi/eiuv xou Tiivaxa CKM e/ei XEVxpixr] xi^r] tiou 8[v£xai: 

\V*V P 

' *^ -= 0.95 ±0.04. (3.26) 



• H ouvdpxir]or] I{x) npoep/Exai ano xo X"PO ™v cpdoeuv I{x) = 1 — 8x^ + 8x^ — x^ — 24x'^ \nx. 

• H npoepxo^Evr] aTio xrjv QCD 8i6p'duar] "xict xr]v r][iiX£Tixovixr] 8ia8ixaa[a au^TiepiXa^pdvExai [liacti 
xou Tiapdyovxa f{xcb) = 2.41 otiou Xcb = ^ = -316 ± .013. 

• To aO^poXo T] = ^'{^) = -548, exxeXei xr]v avaywYV] aTio xXi^axa EvepyEiac; Mw oe nib- 

• To ou^poXo Cwb Excppd^Ei XT] LO 8i6p^uor] xr]? QCD 0x0 6 — > S7 nou naipvEi xr] yiopcfifi 

8 
i=l 

onou, xaxd xr]v Av. [25], 01 xifisc xcov axa-dEpuv Eivai: 

d=( if, if, ^, -if, 0.4086, -0.4230, -0.8994, 0.1456) 
h = { Pfiff, -fff§, -f, -0.6494, -0.0380, -0.0186, -0.0057) 



(3.27) 



Ta TzkaxTi A^^, Ag itpoxunxouv ano xov unoXoy'-CTtjo 8iaYpatjtjdTWV (tutiou nivyxouivou) [je xpia scwxEpixd 
Ti68ia 6, s xai 7, Z avxiaxoixa, xa onoia sixoviCovxai axo 3.3. Ilpofpavwc, t] auvEiafpopd xou TiXdxouc 
A-y Eivai E^ox^c; 8EaTi6^ouaa. Sxo ^EaoXapoOvxa Ppoxo r] aXXr]XEn[8paar] Xa^pdvEi x^poi napouaia 8O0 
au^axiuv npoEXEuar]? eixe ano xo SM, eixe ano xo MSSM. Fi auxo, xai 01 Eni^spouc; auvEiacpopEc; axa 
•dEupou^Eva nXdxr] Eivai oxoni^o va xaxaxayouv oe xpEi? xaxrjYopiEc;: 

AvaXuxixd, xo nXdxoc; ^e Ev8id^Eoa ou^dxia: 



3.4 To BR{b 57) 
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W- H 




SxTQ^ta 3.3: Oi ppoxoi W~-top (a), H~ -top ((3), chargino-stop, sup (y), gluino, neutralino-sbottom, 
sdown (S), Kou GUveiGifiepouv oxo BR(6 — )• 57). O £Sepx6iJevo<; xXdSo<; [jkoCoviou BadyiiSai;, 7, Z, g f/apiv 
aKkoTrfiac, xai to gluon au[j[36AiC£Tai jje tov lSio tuko xXdSou) eniauvdnTezaL aro unoXoino SidypaiJija yie 
okouc, Touc Suvarouc Tponouc, 



OL. — u (u: up-quark) ocpeiXsTai aTioxXsiaTixa axr] $uaixir] tou SM xai Sivsxai ajio 



TOV TUTIO: 



aSM 3 m? - - ^ 



2 -'tis! Vm2, 



(3.29) 



p. -H"^ — M Sev ocpEiXexai aTioxXEiaxixd axr] $uaixr] MSSM , (Xoyw irjc auvuTiap5r]c awfjaTiou xou SM, 
up-quark xai tou MSSM, ) yi auTO xai Xoyi^ETai x^picTTd. O t6tioc tiou to Tzapsx^'- £wai: 



A 



1 mf 



2m^± 



(1) 



(2) 



7 [a] 



^i[2] ~ ~ ii[2] ocpEiXsTai aTioxXsioTixa axy] $uaixir] MSSM xai x^piCCToti wc s^r]c: 

S[S]3 ^ ■^7[S]4 ' 



onou 01 ETiijispout; auvsiacpopec SivovTai TiapaxaTw: 



A^^ 



A^^ 



A^^ 



A^^ 



E ^W |2.(1) 



ml. 



E 



M,2 



w 

2 

if 

2 



fr.^ Vj2mtiRt)k2 




m'i. 



= E 



Mw Up 



m-± i/2c/3 



yjl{Rt)kl - Vj2{Rt)k2 



nit 



1/2M1 



WSjS 



mi 



7[fl] 



(3.30) 



(3.31) 
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'Otiou U, V 01 TiivaxEC 8i.aYwvoTiOLr]aT]C tou nivaxa twv chargino tiou opiCovTai aTr]v Ec- (2.78) xai. 
Rt o Tzivaxac, ^ia'xc^voTioir]ar]c, tou nivaxa tuv stops -kou opi^ETai oTr]v Ec- (2.66). ETiiarjc;, xa squarks 
T«v TipcoTWv oixoYEvsicov, ul,uh i5e6op7]t)'r]xav exfpuXiatjeva ^d^ac; m^i, UTio'dEar] nou 8ev EivaL ^axpLoi 
aTio Tr]v TipaY[-iaTi.x6Tr]Ta, axa cpdafiaxa tiou eXeYX^^°'^- 

5. g — 6i[2] o(pe[XETaL anoxXeiaxixd OT'r] ^uaiXT] MSSM . H auvEiocpopd xou Suvaxai va a^EXr]^e[ 

xup[«c oxav sxouv utioxe^ei TiaYx6a(ii£c; ap)(ix£c; auvd-fixec, xai £X£'- oLideXrfdei avatJi^r) tjexa56 Y^vetov. 

X) X2,...,4 ~ ^i[2] ocpEiXexai anoxXsiaxixd axr] $uaixr] MSSM. Ofioiwc ji£ xo Tcpor]You[i£vo, r] 

auvEiacpopd xou Siivaxai va a^EXr]^e[, aii^cpuva ^e xa xoivtbc; XEL^Eva. 



Oi e^tiXexo^evec; oxov uti:oXoyi.o^6 ouvapxir]OEi.c; Sivovxai napaxdxu: 



/f (X 



/f(x 



+ 



(7- 5x- 8a;2) ^ x(3a; - 2) 
' 6(a; - 1)4 

111 X , 



36(a; - 1)3 
(3 — 5a::) ^ (3a: 



6(a: - 1) 



3(a;-l)3 

X 



In X . 



23 



(i--)4^'(^)-f/f 



2(a;- 1)4 



In a; . 



1 



(2 + 5a; - 
12(a;-l)3 

(3 -a:) 

2(a;-l)2 (a;-l): 



(l-:^)/i^^(^)-f/f (:^)-^ 



■In; 



To xuTioXoYLO auxo ^aaiCzTai oe UTioXoYiafiouc [d£ LO QCD Siop'dcoaEic xai axoXouiJEixai aizo \iia 
■K\-qd(x>poL epEDvr\T(x>v axLc; Av. [20], [21], [26] xai [30]. 

3.4.2 TxjKoXoyio UTioXoyia^ou NLO QCD 5iop'dtoaei<; 

NEOxEpoi UTioXoYLo^oi XT]? ETii^axrjc Tioaoxrixac; iyouv napouoiaoxEi oxic Av. [27], [28] xai [29], Xa^pdvovxac; 
UTi6(|)r] xou? xai NLO SiopiJuoEK; Tipo£p)(6tj£V£c; aTio tt] QCD. Oi Siop^uoEic; auxEc; ouvxelvouv oxr] ^Eiuor] 
xou xeXixou aTioxEX£a[iaTOc; [J-ixpi TiEpiTiou 30% xai axov eXeyxo acpaXfidxcov tiou TipoxuTixouv aTio tic 
xpELc; jpfl'^'-y-OT^oiouy.svec, xXi^axEc EvspYEiac, axic; onoiEc ■xivexai r] cuvap^OYT] xwv EVEpY^v (effective) 
•dEupitov TIOU eXeyxouv xo cpaivo^Evo (matching scales). 

AxoXoui5covxac xr]v aTiXoTioir][i£vr] aTio TiXEupdc; xutioXoyiou xai avE^dpxrjxr] aTio eiSoc; Tipox^Tiou, Tiapouai- 
aar] xr]c; Av. [29], xo BR(6 S'j) ymopsi va PpE^Ei aTio xr]v axsar]: 



BR(fo s-y) = BR^^(fo s-y) , 



(3.32) 



OTiou r] Tip6pXE(j;r] xou SM ^e ouvutioXoyio^o Siop^uoEuv LO aTio xir]v QED xai NLO aTio xr] QCD, Eivai: 



BR^^(6 S'j) = (3.29 ± 0.33) x 10"^ 
Evcl) T] ^Eupr]xixy] Tip6pXE(]jr] "xict xo Xoyo R^ ^TiopEi va -xpa^isi uc; s^'f\c.: 

R, = 1 + Ai(x) (6-l) + ^2(x)(l6p-l) , 

6tiou Aiix) = {B27 + XB28 + {1-X)B7S+2x{1-X)B88)/Bt 
xai A2{x) = {B77 + XB78 + X^B88) /Bt, 

y.E Bt = B22 + B27 + B77 + B28 + B7g + Bgg. 



(3.33) 



(3.34) 
(3.35) 

(3.36) 
(3.37) 



Oi auvxEXEaxEC B E^apxuvxai aTio xo ar][dsio xEpfiaxiafiou xr]C ^)Ecopiac 8iaxapa)(wv [je NLO QCD Siop-dco- 
aEic. Oi xi^EC xouc Ppioxovxai aTio Tiivaxa xr]c Av. [29], xai ETiiXsYovxai exoi, uoxe xo d'dpoio^d xouc, Bt, 
VOL xauxi^Exai ^e xr]v XEvxpixV] xi^V] xr]c; E^. (3.33): 



B22 = 1.258, B27 = 1.395, B77 = 0.382, B28 = 0.161, B78 = 0.083, Bgg = 0.015 



3.4 To BR(b ^ S7) 
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Ta e\i(^aviZ,6\i£va otic; E^. (3.34)-(3.36) autj3oXa opi(lovTai wc; £^r]c: 



X 



^8-1 
^7-1 



7[8] 



[IE Oy[g] 



-0.22 [-0.12] xai C^g] = Cl 



SM 
7[8] 



(3.38) 



(3.39) 



OTiou OL auvTEksoTic, Tou Wilson C7[8] Xatj3dvouv auvsiofpopEc; ar.o Ta Siaypaf-if-iOfTa tou 3.3. Fia tt] 
auvEiacpopd tou SM, Cyjgj, TMEVTai Ta api'd[ir]Tixd s^aywfisva Tr]C Av. [29], evw y^a auTH] ano Ta (popTiafieva 
Higgs Xa^pdvETai unocjjr] to tuti:oX6yi.o tt]? Av. [28], ou^cpuva to onoio: 

(3.40) 



OTiou C^l'gj xai C'yIs] oi' ouvEiacpopec; LO xaL NLO QCD SiopiStbaeLc; avTLOTOixa, nou e[vai: 



{Mw) = ^^J] xaL C^'l. {Mw) = Gris] (v) + ^ns] iv) In 



m 



E{y) 



Ol e^hXexo^evec; ouvapTir]OEi.c; napouoid^ovTai -KapaxdTu: 



"3^ 



4(-3 + 7,-2,^)^.^ fl-i 

2/ 



+ 



+ 



3(y - 1)3 
2(-3 - 2/ + 12y2 - 22/3) 



8 - 142/ - 32/=^ 2 



3(2/ - 1)^ 



3(2/ -1)^ 



ln2/ + 



7 - 132/ + 22/ 



21 



(y - 1)^ 



1 2 



tan^ /3 9 



2/(18 - 372/ + 82/' 



Li2 ( 1 - - 1 + 

y 



l\ , 2/( -14 + 232/ + 32/') 
(2/ - 1)^ 



In' 2/ 



-50 + 2512/ - 1742/2 _ 1922/^ + 2l2/^ , 
+ — — In 2/ 



+ 



9(2/ -1)3 

79 7 - 54 362/ + 75 692/' - 12022/^ 
108(2/ - 1)^ 



(3.41) 



(3.42) 



At (2/) 



G8(2y) 



As (2/) 



■9^ 



21 - 472/ + 82/' 2(-8 + 142/ + 32/2) , 

+ ^ — In 2/ 



(2/ - 1)= 



(2/-l)^ 



+ 



1 



i&T? P 9 
1 



n2y 



-31 - 182/ + 1352/' - 142/' ^ 2/(14 - 232/ - 32/') , 

+ } — In 2/ 



6(2/ - 1)^ 



■3^ 



36 + 252/ - 172/') ,. A 1 
2(2/ -1)' "^^^ I' " ^ 



, -3 - 1872/ + 122/' - 142/3) ^ 
+ — In 2/ 



(2/ - 1)^ 

19 + 172/ , 2 

^ 7-r In V 

(2/ - 1)^ ^ 

3(143 - 442/ + 292/') 



4(2/ - 1)4 



8(2/ -1)3 



+ 



1 1 



tan^ p 6 



^2/ 



2/(30 - 172/ + 132/!) fi _ i 



(2/ -1)4 



2/(31 + 172/) , 2 



-226 + 8 1 72/ + 13532/' + 3182/' + 422/^ , 
+ — 7T^ In 2/ 



+ 



36(2/ - 1)' 
1130 - 181532/ + 76502/' - 44512/' 
216(2/ -1)4 

81 - 16y + 72/' 19 + 17y 



■3^ 



2(2/ -1)3 



(2/ -1)4 



In 2/ 



1 1 



tan^ 13 6 



-38 - 2612/ + I82/' - 72/3 2/(31 + 172/) 



6(2/ - 1)4 



+ 



(2/ - 1)^ 



■In 2/ 



(3.43) 



(3.44) 



(3.45) 
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E{y) 



tan P 



2/(16 - 292/ + 7y2) , 2/(32/ - 2) 



+ 777 TTjlny 



36(2/ - 1)' 6(2/ - 1) 



(3.46) 



TeXoc y^o. It] auveiocpopd tuv charginos C'yjsj XP''T^'-M°''^°'-^^™'' ""^^ otnoTeXeo^a LO QCD 8iopt)a)a£i.c 
yiaxi Tot aTioTEXEa^axot Tr]c; Av. [28] tiou auvuTioXoYtCouv NLO QCD SLopi^tbaEic; 8ev ia)((Jouv axic; exSoaeLc; 
Tou MSSM nou i5a E^exaaTOiiv, axic; otiolec; xa stops 8ev e[vai aiy.avT\.x6. sXacppoxEpa ano xa gluino xai 
squarks. EiiofiEvcoc;, 

= (3-47) 



3.4.3 Su^Ttepicpopd t6jv ATtOTEXEo^dxajv 

Aev 'dswpsixai axonifir] r\ efiTiXoxf] axov xuxstbva t«v aTiXouaxsuxixtLiv TipoasyY'oswv, a[ifpip6Xou Tispiox'/^c 
laxuoc; xai dSrjXr]? TipoeXeuorjc;, y^of va ep^rjveuxsi r\ au^Tiepicpopd xuv anoxeXEo^axuv tiou TipoxuTixouv 
ecpap^oyr] xuv xu-KoXoytuv xuv E8. 3.4.1 xai 3.4.2. Eivai navdo^oXoyou^Evo, 6xi r] ouvEiocpopd xuv cpop- 
xiafiEvcov Higgs ano T"r|V E^. (3.30) sivai TidvxoxE upoa'dExixr] ae auxrjv xou SM xr]C E^- (3.29). Avxii5£xco(;, 
T] auvsiacpopd xuv charginos xr]? E^. (3.31) eivai dXXoxE £Ti:-oi,xo8o^r]xixyi axic; 80o Ti:por]YOU[i£VEc xai dXXoxE 
aTi-oixo8o^r]xi,xi(]. Fia xa ^eXexoii^Eva as auxV] xr]v epyaoLa ■Kpoxuna, xaL \j.z pdar] xic; axoXou^oO^evEc; au^- 
pdaEic, oxav > ^r] auveiatpopd xwv charginos xa^iaxaxai TipocrdExixr], evw oxav fi < ywExai acpaipsxixif^ 
oe o)(£or] xr] auveiacpopd xou SM ouv xou cpopxio^Evou Higgs. Hpocpavw?, r] exxevxpixr] auxy^ ou^nep- 
Lcpopd xuv anoxeXeo^dxwv, ocpEiXexai oxouc; TiivaxEc; ^ia'xc^voTzoir]ay]c. xou Tiivaxa xuv charginos, U, V, r] 
^opfpri T60V ot:o[«v E^apxdxai and xo Tip6ar][io xr]C opi^ouaac xou Tiivaxa x«v charginos. 

laxupr] auaxexiar] xwv aTioxeXea^dxwv auxwv UTidp/ei xic Siopdcoaeic axr] ^d^a xou 6-quark. Ta 
Siio (paLvo^Eva e[vai ouaiaaxtxd avxaY'^'»'i'<'''^i->'0'- O xavovac; nou Sletiel auxV] xr] auaxexiar] e[vai yevixoc; xaL 
[inopsi va SiaxuTiwiJEi [je xpoTio avE^dpxr]xo aiio aufipdoEic, auficpuva [is xr]v Av. [30]. Apvr]xixr] 8i6pi5coar] 
oxT] ^d(la xou 6-quark ouvEndYExaL 'dsTixr] ouvELocpopd xwv charginos oxo BR(6 57). Sacpeoxepr] eixova 
yia xr]v EvSiacpepouoa auxr] aXXrjXeniSpaor] xuv 8uo cpaivo^evuv SivExaL oxa apLiJ^rixLxd anoxEXEo^axa tzou 
•da napouaiaaxoOv axa XEcpdXaia 6 xai 7 xr]C 8iaxpipr]c. 

Ta TiporiYou^eva au^Tiepdafiaxa Ppiaxovxai as TiXr]pr] au^icpwvia [le tic, SianiaxcjaeK; xwv Av. [20] xai [30] 

XT] o/exixr] avayuyi'l ™'-' ou[jpoXio^ou oxov uioiJExri^evo oxr] Siaxpiprj. AvxMsxa, Siacpuvou^E xo 
Sidypaijija xou 5 xr]C Av. [21] wc; T:poc; xrjv xoTioi5£xr]ar] xcov upoarjfiwv xou IIpoaEXxixr] E^sxaar] xou 
ou^PoXia[iou 8£i)(V£i 6x1 uioiOexouvxai avxit)£xsc ou^pdosi? yia xo orj^eio xou /x xic XPi'T^''M°^°''°'-'M^^^'^ 
eScI) (EvSsixxixd avacpepsxai r\ E^. (25) ). Kaxd auvETieia, r\ E^. (22) eivai au^paxV] xo au^poXia^o, 
6[i«c axo axr][ia xr]C sixovac 5, 01 xafinuXcc 8sv avxiaxoixouv axo avaypacpo^evo Tip6ar]y.o xou /i aXXd axo 
avxMexo. Etio^evcjc, xai xa a^exixd au^nepda^axa Eivai avaXriiOii^. 

TeXoc; xaxd xr]v avdXuor] tiou -KapouoidoxriXE r] ^i^r] ^Exa^u xuv oixoyevEiuv a\izkridy]XE, xa squarks 
xuv EXacppwv oixoysvEicov 'dECx^p-qdrfKav sxcpuXiaiasva xai 01 auvsiacpopec; xwv ppo^wv neutralino, gluino 
- down-squark, 8ev aunTi£piXr](p'dr]xav. Axofir] 8ev 8isp£uvy]i5r]xav xa afpdXfiaxa nou uneiaepxovxai axov 
unoXoyicy^o aTio xic; eiaayo^evEc; axo TipoYpa^^a ■Koa6xr]XEc; xai aTio xic; xXi^axEc; eTiavaxavovixoTi:o[r]ar]c; 
xai auvap^oyVlc;. 

3.4.4 Ilsipa^aTixd 'Opia 

npoacpaxa Eivai xa anoxEXEo^axa aizo xr]v neipafiaxixr] o[id8a ALEPH (Av. [31]) 

BR(6 S7) = (3.11 ± 0.80 ± 0.72) x 10"^ (3.48) 
evu r] o^d8a CLEO (Av. [32]), e/ei avaxoivuoEi: 

BR(6 S7) = (3.15 ± 0.35 ± 0.32 ± 0.26) x 10"^ (3.49) 
Eno^Evuc;, xa opia nou xMevxai eivai: 

2 X 10"^ < BR(6 57) < 4.5 x 10"^. (3.50) 



H ava[isv6[i£vr] psXxicoar] xcov nsipafiaxixcov £upr][idx6jv avaficpipoXa i5a por]i5r]aEi axov axpipeaxepo sXsyxo 
xou MSSM, ndvxuc; aiyoupa ^a ■KepiopiaEi xuv enixpeiixo x^P'^ napa^Expuv aia^y^xa. 



KecpcScXaio 4 

KaiSiepco^evo Koa^okoyixo XIpoxuTio 



4.1 FiLoayoiyri 

x&dz avaZr]Ty]ar]c, axripiCsTai as sva Ka'diepcofievo Koa[d6kojix6 IIpoTUTio (: SBB). To (|)r](pi8coT6 auxou 
Tou upoTUTiou TiapouoidSlETai, OTO XECpdXaio auxo. 'E^cpaor] SivexaL oxa evvolec; tiou "da ■)(pr]ai\jiO-KOi-r]do'jv 
OTO eno^Evo xecpdXaLO otiou iJa y^'^'E'' XETiTO^EpLaxr] a^iOTioiir]or] tou MSSM -xia Tr]v ep^r]veia tou xo- 
a[ioXoYixo6 TipopXif][iaToc Tr]c; Exoteivv^c; 'TXr]?. ETr]v avdXuar] nou iJa axoXou^y^aEi a^ioTioiy]'dr]xav LEpap- 
Xixd 01 Av. [33], [34], [35] xai [36]. 

ETr]v Tiapouaiaar] tou a^ETLXoii TUTioXoytou exei. ulo^etki^el k] napaxdiTU TauTOTi:o[r]ar] tuv oTa^epuv 

h = c = ks = 1, 

[i£ c TT] OTa'depa tou (pWTOc;, fc^ ty] aTaiJEpdi tou Boltzman. Fia tlc; api'dy.r]TiXEc, ecpap^oyEc;, xpi^oL^OTioLOiivTai 
01 TiapaxdtTW tutioi jiSTaTpOT:r|C: 

1 GeV"^ = 1.973 x 10""cm = 6.582 x IQ-^'^sec, 
IGeV = 1.160 X 10^^ °K = 1.783 X lO^^^'gr, 
IMpc = 3.086 X lO^^cm, 
lyr = 3.156 X lO^'sec. 

FiTJ.ariC,, ae okx] tt] Sidpxeia tou xecpaXaiou aTiocpsuyETai r] XP'^'^''] ''^^'^ STatJEpdc tou Neutcovk (Gjv) otic; 
e^iawasic xai npOTi^tXTai r] nio OLXEia "Xict touc; ao/oXou^Evouc; ^e tt] $uoLxir] tuv Stol/eluSuv Su^aTiuv, 
ETaiJEpdi TOU Plank: 

Mp = l/v^ = 1.22 X 10^*' GeV. 

To XEcpdXaio ap^i^Ei ^e Tr\ SLaTOjiuar] ttjc Koa[JoXoYiX7]c Apxr]<; xai t«v ouvetieicov tt^c oto E8. 4.2. 
AxoXou^Ei T] iS)£[i£Xiwar] tuv evvoluv nou o)(ETi(lovTai [d£ tt] Auvajiixr] xai tx] 0£p[io8uva[aixr] tou SujiTiavTOC 
oTa E8. 4.3, 4.4 avTiaTOi)(a. E^onXio^Evoc xavEic [d£ ama xa scpoSia xaTavoEi tx] Gswpia Tr]c MsydXric 
Expr\Zr]z Ttou auvoTiTixd TiEpiypdcpETai oto E8. 4.5. 'Otiuc; to SM etoi xai to SBB E^cpavi^Ei ^Epixd 
^EiovEXTV^^aTa. AuTd EVTOTii^ovTai xai XiivovTai \d£ Tr]v iSsa tou nXriiOwpiafioO oto E8. 4.6. 

4.2 Koo^oXoYLXTQ Ap)^/] 

Axpoywviaioc; 'ki'doc, Tr]c. SuYXpovr]? Koo^oXoyia? Eivai x] avaxdXu(jir] ttjc aTi6Xit)w^£vr]? xoo^ixr]? axTi- 
vopoXiac;. npoaEYY^CETai ^e to (pda^a evoc; ^EXavoii atJ^aToc; as i^Epfioxpaaia 2.73 °K. ETr]v laoTpoTiia 
Tr]C axTivopoX'.ac; auTV^c; ([JEXP"- "ci^ewc 10~^) ESpd^ETai y] KoatJoXoyixri Apx"/], au[jfp«va [iE Tr]v onoia, oe 
apxoOvTU? ^EydXEc xXifiaxEc to aufiTiav Eivai O^oyEvs? xai laoTpoTio. Oi d^iEOEc; cjuvetieiec; auTou tou 
ap/ixou a^iu^aTOc; nEpiypdcpovTai napaxdTU. 
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KocdLepcoyiivo KoayioXoYixo UpOTuno 



4.2.1 Suv-xivou^svo SuaxTj^a Avacpopdt; 

Se eva OfioyEvsc; xai looTpono Su^nav ^nopei va opiaxsi Eva auaTr][ia avacpopdc oto onoio r] nEpLE/o^Evr] 
6Xr] sivai axivrjT'r], to otiolo ovo^d^ETai, Suv-xivou[i£vo (co-moving). Oi "dspfioSuvafiixsc i8i6Tr]TSc Tr]c (i^TiQ 
[inopouv va Tiep'-Ypoffpouv [iz iJepfioSuvafiixd 8uva[Ji,xd opia[J£va ae auxo to auaTr][ia r]ps[i[ac (: CRF). 
IlapoXr] TT] XPi'l"''! ™'-' ouyxexpifievou av)aTr]\iaTOC, avacpopdc Y-0( tov opiafio auxwv twv iioaoTriTWV, oi xifisc 
nou EniTUYxdvovTaL eivai av£^dpTr]TEc; ano ouoTir]^a avacpopdc, npoxELxai, SrjXaSr] yia pa'dficoxd (scalar) 
nESia, xaxd Tr]v Av. [37]. Sto CRF, Xoltiov, opi^ovTaL: 

• H -KUXvoTTiTa apLiJ^oii cJU^aTiuv, 8r]Xa8y] o apLiJ^oc cyu^axiuv avd ^ovdSa oyxou, n 

• H TiuxvoxriTa Evspyeiac aw^axicov, 8r]Xa8r] o api-d^oc aojiaxiuv avd ^ovdSa oyxou, p 

• H TTUxvoT'rjTa evTpoTiiac, 8r]Xa8r] r] evxponia xou psuaxoO avd ^ovd8a oyxou, s 

• H looTpoTiixr] Tiieor], P 

• H iSep^oxpacJia, T 

X"r|tJ'.x6 8uvatjix6 8ev f)a opiaTei, jia-J. r] Tiapouaia tou t>a ayvorjiJei as oXt] tt] 8[apx£'.a Tr|C 8i,aTpipy]c auT"r|C- 
Fsvixd OTav 8£v UTidp)(£i aaufifisxpia avdfieaa axov apii5[i6 aw^axiwv xai avxi-aw^iaxiwv fiav r] undp^ouaa 
eivai [iixpT], xo x''l[-"'^o 8uvanix6 ^nopSL aacpaXcJc va a^EXr]'dEi. 



4.2.2 MsxpixK^ T6JV Robertson- Walker 

H otjoyevsia xai r] laoxpoTiia aTiXoTioiS'. arjiaavxixd xo [ia'dr][iaTi,x6 xaxaaxsuaatja tiou Txpensi va £Tii,vo'r]i5e( y''°' 
va Ti£piYpd(j;£i. xo Su^nav. H yewnsxpia xou Su^navxoc npoxunxEi aTio xr] ^Expixr] xwv Robertson-Walker 



dr^ 



1 — fcr^ 



+ r2(d^2 ^sin^ edtP"") 



(4.1) 



'Onou i?(i) eivai o Tiapdyovxac xXifiaxac tiou s^EXiaasxai [ds xo xpovo, r,(f),9 oi auv-xivou[i£VEC x^pi-xsc 
acpaipiXEc auvxExayHEVEc xai r\ axaiOEpd k axExi^sxai xr]v xa^n:uX6xr]xa xou xpia8idaxaxou x'l^pou. Aa^- 
pdvEi xi^Ec +1, y] — 1 nou avxicJxoixoOv as eXXeiuxixo (xXeicjxo), euxXeiSeio (etiitieSo) UTiEpPoXixo 
(avoixxo) SufiTiav. 'Oxav k = -Hi, o x^poc xou SufiTiavxoc [iTiopsi va ExXricpiOEi «c [-iia xpicov 8iaaxdaE«v 
acpaipa as svav euxXei8eio X"PO 4 8iaaxdo£wv axxivac i?, ^lE e^iowot] x\ + x\ + x\ + x^ = B? xai oyxo 
y = 27r^i?^. Fiauxo xai yevixoxEpa, uc oyxoc xou ou^navxoc iJa Xa^pdvExai r] Tioo6xir]xa 



4.2.3 I5avix6 Peuoxo 

H EnixEU^T] xr]C TiEpiYpof(pr]C evoc o[joyevouc xai laoxpoTiou aufinavxoc aiiaixEi xai xr]v Eiaaytoyi^ £v6c £i8ouc 
<jXr]C CT£ auxo. To ovo^a auxif^c, i8avix6 pEuaxo, xai o opia^ioc xr]C, £va pEuaxo y'-O' t^o onoio va laxuouv 
oi E^iacbaEic xr]c SuvEXEiac xai xou NEiixcova xr]c KXacycJixy^c Mr]xavixi(]c PEUcyxtbv aXXd utio cyxetixicyxixy] 
^opcpr]. ATi:o8EixvuExai 6xi auxo ^TiopEi va ywEi xr] XP^'l'^'H ™'-' ■KOtpaxdxu xavuoxrj EVEpyEiac-op^rjc: 

= -Pff^. + (-P + pWu, , (4.2) 

onou = dxi^/ds 7] x£xpa-xaxuxr)xa evoc cju^axiou xou pEUCJXoii. Exo auyxivoO^iEvo cy6cyxr]na avacpopdc 
auxou xou oco^axiou, r] xaxuxrjxa Eivai (1,0), otioxe r] ^lopcpri xou xavuoxr] EVEpyEiac-op^rjc anXoTioiEixai: 

T^, = diag(p,P,P,P). (4.3) 



4.2.4 O No^oq xou Hubble 

O vofioc 8iaaxoX-f]c 8iaxuTiCiOi5r]X£ xo 1920 ano xov Hubble xai Eivai TcapEnofisvo xr]C xoafioXoyixii^c cpX"'l'^- 
Eaxcj 6x1 8uo FaXa^iEc anExouv apxixd anocyxacyr] Iq- Msxd xr]v Tidpo8o xpovou t r] ^Exa^u xouc anoaxaar] 
•da Eivai l{t) = R{t)lo, onou o napdyovxac R{t) Eivai ouvdpxrjor] ^lovo xou xpovou, Xoyu xr]C xoo^oXoYixrjc 
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oipyjic,. H ayETixi] xayuTrfia twv 8uo raXa^iwv "da eivai (wc; ouvrj'dwc;, to ou^poXo ' orj^aivEi. -KapdYWYO 
Tipoc; TO xpovo): 

= I = J?Wlo = (||y)^W = Hmt), = III (4.4) 

H Tioa6Tr]Ta -H"(i) XeYET^ai TictpdiiETpoc, Hubble. 'O votjoc; tou Hubble [lac, TipoiSed^Ei yia [lia axsTixii^ xivr]ar] 
avd^eaa otouc [JaxpivoOc; TaXa^isc,. H TauT6Tr]Ta auT7](; ttjc x[vr]or]C SivETai oto eho^evo eSdcpio. 

4.2.5 H Koa^oXoyixK^ TTtspu'dpT] MsxaxoTtiaT] 

H TipcoTT] STiiTUxia Tr]c STiiXEY[-isvr](; [le-p'.xfic, d.vai oti E^rjYef ttjv TiapaTripoufievr] UTispu'dpr] [iSTaTOTiiar] tou 
EXTie^no^evou cpdo^aTO? ano touc Siacpopouc FaXa^ie? xai, npopXenEi tt] SiaoToXr] tou au^TiavTO?. Bepaiwc;, 
UTiepu^pr] ^ETaTOTiLor] ^TiopEi va ocpEiXeTai oe papuTixd TieSia rj oe cpaivo^evo Doppler. Autm Ta cpaivo^eva, 
6y.(x>c, ELvai a[isXr]Taia as aizoaTdaeiQ xoaiJoXoYixcov SiaaTdaewv. 

'EoTU OTL [iia cpuTEivii^ axTiva ^li^xouc xufiaTOC X{t) EXne^Tio^Evr] tk] otlyhi'^ and sva FaXa^ia as 
anooTaor] re, r] onoia Xa^pdvETai ano TiapaTir]pr]Tir] tt] otlyhiti io oe anooTaor] ro = 0. H TiapaTrjpou^Evr] 
^ETaTOTiLor], z opi^ETai ano Tr]v: 

EivaL UTiepu^pr], 8r]Xa8r] > 0. H aOvSsar] Tr]<; TiapaTi(]pr]ar]c; auTr]c [ie tic SiaoTdaeic tou Sii^navToc, Y^STai 
[Jle xpA'^^ ''^^'^ [iETpLxric; Tr]c; E^. (4.1). H i9eupoO[j£vy] (pWTEivy^ axTiva Ta^iScuEi xotTa [iT^xoc; ^Lac; ^r]8evixy]c; 
YEuSottoiaxric; (ds^ = d6 = dcj) = 0) oto CRF. Xpr]ai[aoTioicovTac Tr]v E^. (4.1), XafipdvsTaL: 

= ds^ = dt'-R-'it)\-^^]^-^ = ^^= (4.6) 

napeniTiTUVTUc;, ^nopsi va opioTSi o opi(lovTac; evoc; ou^aTiou, 8r]Xa8ir] r] aTzoaTaax] tzou SiavuEi ^la 
cpuTEivV] axTiva ano Tr]v apxi*! tou aO^navToc; i = ^i^xpi. cyTiYHi*] t, nou e[vai upocpavtbc;: 

ETiioTpscpovTac OTOV Tipoopiafio [iac, xai oXoxXrjpcovovTac Tr]v E^. (4.6), Yi-Of Suo Y£Yo^o''^°f tiou a-KE/ouv 
■K0X6 ^LxpT] )(povixi'] QCKoaTaar] [iSTa^O touc, coots o R{t) va [ir]v [iSTapdXXeTai, Xa^pdvETat: 

R{t) Jo Vl - fcr2 

Opi(lovTac TT] ouvdpTrjar] F, wc s^i^c: 



^(*) = ^ ^ = / ° (4-9) 



1 PM - /" 

f] E^. (4.8), YpacfSTCir. 

Fito) - FiU) ~ Fito + Ato) - FiU + At,), (4.10) 
OTioTE avaTiTiiaaovTac xaTd Taylor yitp<Si and xa ar]y.sia t^, to, Xa^pdvETai: 

A<.^W=A*.^(«^^ = |g. (4.11, 

A^LOTioLUVTac Tov opLo^o TOU ^rjxouc xu^aTOC X = At xai avTixaiJioTUVTac oTir]v E^. (4.5) eniTUYxdvETai 
TeXLxd r] etilSluxo^evt]: 

H UTi£pui5pr] [iSTaTOTiiar], z > arjtjaivsi oti R{to) > R{te), hr\kahi\ 1] T\.\xf\ tou TiapdYovTa xXiijaxac tt] 
aTiYHi*] Tr]c ^i^tjjric Tr]c cpcoTEivrjc axTivac Eivai ^EYaX^TEpr] ano Tr]v tl^V] tou, tt] otlyht] Tr]c Exno^Tiii^c- 'Apa 
TO Su^Tiav SiaoTEXXETai. 
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Me pdar] Tr]v E^. (4.12) ^nopei va SiaxunwiJei ^la ayzar] avaYWYi"!? ""^"^ aTiooxdaEwv D{t) as Sidcpopsc; 
Xpovixet; ax^yyiez: 

D{t) ~ R{t) ■ ^^■'•^^ 

Mta evTUnwoiaxr] e9ap^OYr] tt]? o)(£or]c; auxr]?, Sivexai oTr]v Av. [36], onou UTioXoyiSleTai otl to or]^epiv6 
TiapaTir]'Ko6^evo ou^Tiav ei/E SiaoTdoEic; Xiyuv /lXlootuv Tr]v E-KO/rj tou Plank, {tp = Mp^). 



4.3 Auva^LXT] Koo^oXoYCa 

H Vivod] S)(eTix6Tr]Ta zivai r\ iJEupia likaiaio nou Ecpap^o^ExaL yi'Qt "^iv nEpLYpacpV] tt]? Auva^LXi/]? tou 
SOfinavTOC. KEVTpixo poXo Tiai^si r] E^iawar] tisSlou tou Einstein nou auaxETi^Ei tov TEvaopa zvipyziaQ- 
op^rjc; Tjuy xai tt] x"poXP°^'-^^ xa^TiuXoTrjTa Rx^uk- 

1 Stt 

i^^^ - ^Sf^^ = -J^^t"' + , (4.14) 

onou R^jti, := g^'^RxuKv o TavuaTr]c Ricci xai TZ = g^'^ R^v rj paiSficoTr] xa[iituX6Tr]Ta Ricci. Av xai r\ 
Ti^V] xTf, xoa\j.6koy\.xffi axo-^Epo-z, A, sivai noXu [dixpi] (A < 10~^^°Mp^) 'dEwpeiTai. avayxaia y] 8i.aTy]pr]cyr] 
Tr]c; OTIC s^iacicJEic;, Yi-ot Xoyouc nou iJa y^'^'ouv (pavEpoL aTr]v e^eXl^T] tt^q Epyaoiac;. Oi EniXoyEc; ^ETpLXV^c; 
xaL OXr]? E^cpUTEiiovToti aTr]v E^iawar] Einstein, okote Xa[ipdivovTQti. oi zE,\.a<^az\.Q Friedmann-Lemaitre nou 
napouoid^ovTai oto E8. 4.3.1 Xprjoi^Ec; cpuaixsc napdfiETpEc; opi^ovTai oTa E8. 4.3.2, 4.3.3 xai teXoi; r] 
El.oaY"Yl^ xaTaoTaTixr]? E^iouorjc; oto E8. 4.3.4 EniTpsnEi ttjv noiOTixrj nEpLypacprj xrf, Suva^Lxr]? tou 
SO^navToc;. 



4.3.1 Oi E^iawasiq t6jv Friedmann-Lemaitre 

H Ecpapfioyr] ttjc E^iacoarjc tou Einstein oto auv-xivoujiEvo auaTr][ia avafpopdc;, [je tT] [JETpixr] T"r]C E^. (4.1) 
xaL TOV TavuoTT] tt]? E^. (4.3), anaiTEi tov unoXoyLo^o tou TavuoTr] Ricci xai ttjc; xa^nuXoTrjTac;. Fia tou? 
Xpovixoiic;, 00 xai yi^pvA.oitQ, ij Seixtec; avTioToixa tou TavuaTi/] Ricci, Xa^pdvETai: 



Roo = -3-5 (4.15) 

'r 2k 

h 2 1 

R 



^ R R"^ 2k , , 



Evu yia Tir]v xa^nuXoTrjTa Ricci 



^ ^ R R^ k\ 

'^ = '[r^r^^rA- ^'-''^ 



AvTixaiSiaTCJVTac;, f] E^. (4.14) auvEndyETai \ia touq xpovixoO?, 00 xai •/_<^pixo<jc„ ij Seixtec; avTioToi^a 

2 

Stt A; a „n Stt A; A / . , „x 

= 3M|:^-^+3 =3MF^-^+3 ^'-''^ 

^R R? k Stt „ . R 47r , A , 

'^ + ^ + ^ = -3MF'^^^^^ = -^^'^''^^^i ^'-''^ 

napayoiYi^ovTac Tr]v Ec- (4.18) xai avTixaiJiaTWVTac aTr]v npoxunTouoa Tr]v Ec- (4.19) EniTUYXoivETai [iia 
E^iauar] nou EXCppd^Ei tov nptJTO ©Ep^oSuva^ixo No^o Tr]v nEpinTuar] tou xoa^ixoO pEUOToO 

p + 2,H{p + P) + ^ = Q . (4.20) 



aXXd^ovTac; tt] ^ETapXr]Ti(] napaYCjI)YiT''n?' 



d{pR') 
dR 



3pR\ (4.21) 
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Ilpocpavwc oi Ec. (4.18), (4.19) xai (4.20) Sev eivai ave^dpTriTSc; [asxa^u touc;. Suvr]i}w(; wc; avE^dpTrjTE? 
Xa^pdvovxaL oi (4.18) xai (4.20) yi-ot va aTi:o(pEU)(i5ouv ol SEUxspec napdY^YOi-. Stov Friedmann anoSiSovxaL 
01 E^. (4.18) xai (4.19) Evtb axov Lemaitre r\ E^. (4.20). 

4.3.2 napd^expoc; Koo^oXoyixiQc; IIuxvoTYjTac; 

©ETCJVTac; A = 0, o opoc xa^TiuXoxriTac; fc/iZ^ aTr]v E^. (4.18) sivai iJetlxoc;, ^r]8Ev y] apvr]Tix6c, avdXoya 
av T] p EivaL ^EY°'^'^■'^epl^) 'c7i1 l^ ^LxpoxEpr] ajio Tir]v xpioL^r] Tiuxv6Tir]Ta, tiou opi^ETai uc; E^r]?: 

p, = ^ J?^ . (4.22) 
EivaL auvETitbc;, axoni^oc; o opLo^oc; tt]? Hapa^ETpou Koa^oXoYLxy]? IIuxv6Tr]Tac;, ^ecju tuv a)(EaEUv: 

f2 = f2p + i^A oTiou Q,p = — xai Ha = . (4.23) 

Pc 3x3 

AvTixa'dioTUVxac; touc; opio^ouc; auxouc; oTir]v E^. (4.18) Xa^pdvExai r] napaxdra: 

Ano Tr]v Ti:poir]You^Evr], ou^-KEpaivExai otl J7 < [>]1 avTLOTOi/Ei oe Eva avoLxxo [xXeloto] ou^Tiav ^e fc = 
— 1(+1) Evcl) r] Ti^V] n = 1 avTiaTOL)(Ei OE etiltieSo ^e fc = 0. 

4.3.3 napd^expoc; ETH,j3paSuvar)<; 

Mia ECiaou y_pTpi[J.r\ Tiapdfisxpoc tcou EXfppdCsi. xo pu'dfio SiaaxoXii^c xou Eufinavxoc, Eivai t] HapdfiExpoc 
EnLPpdSuvor]? Tiou opi^ExaL uc; E^r]?: 

q = ^ = ^ — (4.25) 

RH 

Alio xov opia[d6 auxo, au[iTiEpaivExai 6xi g > [<]0 avxiaxoi)(£L as EniPpaSuvo^Evr] [ETiixa)(uv6^Evr]] SiaoxoXr]. 
AvxixaiJioxuvxac; oxir]v xE^EUxaia xir]v E^. (4.19) xai /prjoi^onoiuvxac; xic; E^. (4.22) xai (4.23), Xa^pdvExai: 

g = i^±^-fiA. (4.26) 
2 Pc 

'Otiuc; ^a cpavEi oxr] ouvE/Eia, rj SiaoxoXr] xou Su^navxoc; Eivai ETiiPpaSuvo^Evr] "Xict xo SBB, aXXd etil- 
xa)(uv6^Evr] yi'Qt to ■KXrj'dupioxLxo Su^nav. 

4.3.4 E^totoosit; KaxdoTaoTjc; 

Exic Ec. (4.18) xai (4.20) UTiEia£p)(ovxai 3 dyvwaxoi, oi R, p, P. ETiot-iEvcoc, yia xr] Xuor] xouc xP^'-°'^^''^°"' 
xai ^[a axo^a avE^dpxrjxr] E^iawar]. AuxV] Eivai r] Kaxaaxaxixi/] E^iatbar], P = -P(p) xou xoa^ixoii pEuaxoii 
Tiou TiaipvEi xr]v ou^Tiayri ^opcprj: 

,4/3, Y'-Q' Enixpdxrior] AxxivopoXiac; (RD) 
P = {lo - l)p, OTiou u) = <^ (4.27) 

1, Y'-Q' ETiixpdxrjar] 'TXr\z (MD) 

A^ioTioicovxac XY] vsa auxr] 7iXr]po(popia, Eivai Suvaxov va E^a^'doOv ocpsXifiEc axsasic yia tic, E^nXEXOfiEvsc 
^ExapXr]XE(; /wpic; xr]v ansuiJEiac X6ar] xuv Siacpopixtbv E^iatbaEUv. AvaXuxixoxEpa, ^Exuvxac; A = xai 
avxixaTJiaxtovxac; xr]v E^. (4.27) axr]v: 

• E^. (4.20) xai oXoxXr]pcI)vovxac; xr]v TipoxiiTixouaa, Xa^pdvExai: 

pR^"^ = est. (4.28) 
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ntvaxaq 4.1: IIpooEYY''''''^'''*''! Auvajjiixi^ tou S6^navToq 



IlapdofjieTpoc; 


EC5oq EnixpdoT 




T? n 
i\, 1 J 


iVlU 


Kevou 


P 


p/3 





-P 


P 




~ R-^ 


est 


R 


.1 /9 






T 






e 


H 


l/2i 


2/3i 


est 


dn 






~ e"*/H 


n - 1 




^2/3 




q 


ftp — Qa 


Clp/2 — i^A 


— fip — f^A 



• E^. (4.18) xai oXoxXr]pCj!)vovTac; xrjv upoxOnTouaa, -xia k = 0, Xa^pdvexai: 

' H{t) = 2/3Ljt 

jlt-V3uj ^ (.g^ ^ J ^^^^^ ^ 3a;/(3w - 2)t (4.29) 

a^LOTioLUVTac; touc; opLo^ouc; tuv E^. (4.4), (4.7) xai. (4.24). 

• E^. (4.26) xai /prjoi^onoiuvTac; touc; opio^ouc; ttjc; E^. (4.24), Xa^pdvExaL: 

q = ^^^np-nA. (4.30) 

EiSixoTSpa, -a anoTeXeaijaxa £(pap[jOYr]C twv kio ndvo) axsaeuv axic 8uo nepniTCoaeic £Tiixpd(Tr]ar]C uXr]C 
xai axTivopoXiac xaxaypdcpovTai auYXEVTpwTixd axov Ilivaxa 4.1. H xpiTr] aeipd xai r] Tpixr] OTfikr] tou 
nivaxa auTOii, TiepiXa^pdvouv eupy^^axa tuv E8. 4.5.1 xai 4.6.1, nou ■KpoTdaaovTai ^dpiv auYxpiaeuc; xai 
oixovo^iac;. 

4.4 0ep^o6uva^LXTQ Koop-oXoyCa 

To xoaijixo psuaTO tJTiopsi va i}£copr]'dEi coc auvoXo awijaxiwv ae xaxdaxaar] i5£ptjo8uvatjixy]c; laopoTiiac 
(: ©AI) T] onoia eY>'0''t^^<^'i^o''i^o'i- M^'^" aXXrjXEiiiSpdaecov xaTaaTpocprjC xai 8r][iioupYiac;- H T:poa£YY'''^''l 
i8avixo6 peuaxou eivai STiiTU)(r]c sxxoc xai av Tipoxeixai jia [JsxdTiTwar] fpdoswc. H EjanXoxr] Tr]c; 'dsp^oS- 
uva[Jixy](; aTr]v e^sXici ~ou a6[J7iavTO(; i}£[J£Xia)V£Tai axo E8. 4.4.1 xai oi iJeptJoSuvatJixec; tJ£TapX7]T£(; nou 
XapaxxrjpiCouv auxo xo peuaxo unoXoYi^ovxai axo E8. 4.4.3, afpou Tipcoxa siaaxt)ouv oi t)£[i£Xico8sic svvoiec 
ano XT] S)(exixioxixri Sxaxioxixr] oxo E8. 4.4.2. 

4.4.1 laevxpoTLixTQ AiaaxoXiQ 

Ss [iia Tiepioxr] xou auv-xivou[i£vou auaxrj^axoc; avacpopd? y.e oyxo V = R^ to 8£uxEpo 0ep^o8uva^ix6 
a^iwfia exEi- '^'^ y^^oxi] xou [iopcpy^: 

TdS = d(py) + PdV (4.31) 
H E^. (4.21) ava^opcptbvExai tbaxe va auYxpi^ei xr]v E^. (4.31): 

^(P^^) = ^ rf(p^^) + PdV = 0. (4.32) 
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Atio tic E^. (4.31) xai (4.32) npoxunTSi a^iaoxa oti dS = 0, 8r]Xa8r] to aufiiiav SiaoTEXXsTai loevTponixd. 
Etio^evo Pr][ia, Xomov iJa sivai o ouo)(£tio^6c ttjc svTponiac; [de tic, aXksc, ^ETapXir]Tec;. Ano Tr]v E^. (4.31), 
Xa^pdvETai: 

dS=^ [Vdp + {P + p)dV] . 



(4.33) 



H E^. (4.31) a^ioTioiELTaL ^e Siio SLacpopETixoOc; TpoTiouc;: 

• 0EupuvTac; ttjv EVTponia uc; ouvdpTrjor] Tir]c; ^opcprjc; S{V,T), y] E^. (4.33) ouvETidyETai: 

95 y dp 



55 


p + P 


dV ~ 


T 


-( 


p + P 


dT \ 


T 



xai 



dP 



dT T dT 
)_dp_ 

TdT ^ 
ip + P) 



• npoana^tJVTac; va SriULOupyirdEi teXelo Siacpopixo, Xa^pdvETai 

dS = ^d[ViP + p)]-^VdP 

AvTixa'diaTCJVTac; Tr]v E^. (4.34) oto TEXEUTaio opo Tr]C E^. (4.35) eTmuyxaysTOLr. 

. c_ \iP + P)V 



dS = d 



iP + p)V 
T 



■ + est 



(4.34) 



(4.35) 



(4.36) 



SuvEncoc, f] EVTponia tou aO^navToc; napa^EVEi aTai^Epii^ xai SivETai and xrjv E^. (4.36) [is anpoaSiopiaTia 
^lac; auTJaipETrjc; oTaiJEpdc;. Urf^i] ■Kapapiaor]? ttjc; loEVTpo-KLXOTrjTac; auTirjc;, Eivai oi ^ETaTiTUOEic; cpdoEuc; 
(phase transition) xaTa tx] Sidpxeia, tuv ottoiuv [JnopEi va EXEUiJepwdEi "dEpiJOTriTa au^dvovTac Tr]v EVTponia. 
Se tetolec; nEpLTiTWOEic; r] npoaEYYi-or] tou iSavixou pEuaTOU 8ev Eivai, nXsov E(pap[i6ai^r] xai EnipdXXETai t] 
Xpy^ar] ttjc; ©Eupiac; IIeSiou xa^opia^Evr]? ^Ep^oxpaaiac;, TipdYHa nou ELvai TiEpa ano touc; oxotioOc; tt]? 
Epyaaiac; auTi(]c;. 

4.4.2 'EvvoiEc; S)(eTixioTixi(^<; SxaTioTixii^q 

Fia iSavLXo pEOoTO, r] auvdpTr]ar] xaTavo^ii^c, D{p,T) oto x'^^po '^'^'^ cpdaEWv yia awfidTio jidCac rn [is g 
Pa^^oOc; EXEU^Epiac; ae 0AI iSEp^oxpaaiac; T, opL^ETai uc; E^y^c;: 



:gD{p,T) 



dAf 



(27r) ' d^xd^p 
xai 8[vETaL, xaTd Tr]v Av. [39], ano Tr]v TiapaxdTU avaXXoiUTT] xaTd Lorentz Excppaar]: 

Dip,T)= [e(f''"''/^'+sf]"\ 



(4.37) 



(4.38) 



OTiou S(|p I) := ^/m? + p"^, T] EvspYELa tou EvXcyw ou^aTiou xaL sf Evac; cpdxTopac; nou EniXEYETai avdXoya 
[ds Tf] oTaTioTLxr] cpuar] tou awfiaTiou 



sf 



— 1, STaTioTixri Bose — Einsein (: BES) 
+ 1, STaTioTixr] Fermi — Dirac (: FDS) 
0, STaTioTixri Maxwell — Boltsmann (: MBS) 



(4.39) 



Ol 8uo npwTEC EniXoysc layuouv yia o)(ETixioTi,xd \dTzoZ,6via x] (pEp^iovia evco t] TpiTT] E(pap^6(lETai yia \dr] 
axETiXLaTixd ^no^ovia xai fpEpfiiovia. TnEvdu^i^ETai, otl to )(r]Hix6 Suvafiixo [inopEi aacpaXtoc; va ayvori^EL 
yia TIC avdyxEc TrjC SiaTpi,3-f]C- Oi noaoTriTEc nou npsnEi va unoXoYiCTiJouv \d£ ty] XP'^P'^ ''^'^ napandvw 
xaTavo^i(]C Eivai oi lOEpnoSuva^iXEc HETapXr]T£c n, p, P. Autec oe sva TU/aio a<jaTr][da avacpopdc ^inopoOv 
va opLOTOUv ^E axETixLOTixd ouvaXXoicoT/] [iopcpr] coc E^r]c: 
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• To n anoTEXsi ^leXoc; tou TSTpaSiavuo^aTOC A'''' = {n,j ), otzou j sivai x] pox] twv ow^axiwv 

• Ta p, P Tipoxu-KTOUV ano tov TavuoTrj EvEpYELa^-Op^rjc; tou pEuoxou tzou opi^ETai aizo tt] o/eot]: 

AnoSsixvuETai oti to 6pia[ja 6koxkr]p(±>ariC, cPp/E{p) eivai xaxd Lorentz avaXXoicoxo, ETiofisvcoc oi upo- 
riYo(jy.Evec, tiogottitec, eivai opiafisvec xaxd Lorentz auvaXXoicoxa. Sto CRF, ohou = (1, 0), oi Tiapandvco 
YEvixoL opia^oi E^EiSixeOovTaL xai, acpoii sxTEksaTsi f] axETixV] acpaipixV] oXoxXi(]puar], 



^ rrf'p=7A^(47r)|prd|p|, (4.42) 



(27r)3 ^ (27r)3 



Ypdcpovxai coc; e^i(]c; : 



n{T) = = ^ r D{\p\,T)\p\'d\p\ (4.43) 

^(j.) = T°° = ^^'"\D(|p|,T)ii;(|p|)|pP<ib1 (4.44) 

P(T) = iT" = ^^°°D(|p|,T)|p|4d|p|. (4.45) 

O UTioXoYLcy^oc; twv oXoxXr]pw[idTCJv auTCJV yivsTai euxoXa [i£ a5ioTi:o[r]ar] tuv Tipoasxxiasctiv nou Y^vovxai 
xdi^E^ia and tic, napaxdiu nEpLTiTtbaEic;: 

a. S)(£TixiaTix6 opio {T ^ m). Se auxr] Tr]v nspiTiTwar], r] [idS^a tou iJEupou^Evou ou^axiou ^nopei va 
a^EXr]^e[, E \p\ otiote T] auvdpTrjar] xaxavo^i/]?, Ypoi^ExaL: 

i^(|p|,T)= pl/^±l]"' (4.46) 
xai ecpap^o^ovxac; touc; Tiapaxdra oXoxXr]puTixouc; tutiouc;: 

/ di^- = (^-1)!C(^), (4.47) 
Jo e — 1 



oo ,z 



- 1 







'^^^ = (l-2^-^)(^-l)!C(^), (4.48) 



HE C(2) = y , C(3) = 1.202, ((4) = ^ (4.49) 



(oTiou C r] Zeta auvdpTrjar] Riemann) Xa^pdvExai avTLOTOixa Y'.°' 
• MnoSlovia 

.C(3)^3 



"(3^) = (4.50) 
P(T) = 5^T^ (4.51) 
P{T) = Ip(T). (4.52) 



4.4 ©epytoSuvayiLxri KoayioXoYia 



43 



^^T) = -/-^T\ (4.53) 

P(T) = ^4T^ (4.54) 

P(T) = ip(T). (4.55) 

H -KUXvoTTiTa evTponiac; xai otlc; S6o ■KporjYou^Evec; TiepiiiTwaeLc; unoXoyi^ETaL ano Tr]v E^. (4.36) nou 
avTLxaxdiaTaar] tuv E^. (4.52), (4.55) TiatpvEi xr\ nopcpi/]: 

^(r) = ^f, (4.56) 

p. Mr] o/ETLXioTLXo opto (T <^m). Se auTH] Tr]v TispiTiTWor], o opoc; [la^az y'wstch xupiapxo?, |pp <C 
ohote: 



^2^1/2 



( 1 + 



|p|2Ml/2 1^,2 



m + ^ (4.57) 
2m 



xaL r] ouvapTrjor] xaTavo^r]c;, ypacpEto'i': 

i^(p,T) = e(-™/^-|P^I'/2™'^), (4.58) 
O TUTioc; oXoKkr]p(x>y.6LT(x>v nou a^ionoieixai sivai: 

f°° 2 

Jo 

— /^(A) = -/z+2(^) oTiou Io = ^Jj xai h = jj 



Ta anoTeXeo^aTa xaTaypot^o'*'™!' napaxtXTu: 



3/2 



n(T) = 9{^)' e-™/^ (4.59) 
3 

p(T) = nm + -nT (4.60) 

P{T) = nT (4.61) 

ETr]v E^. (4.61) [ds voaTaXy'-a avayvwpiCloufiE tx] yuf-ivaaiaxr] xaTaaxaxix"/] E^iawar] twv teXeicov aspiuv. 
ETxiarjc;, aTr]v E^. (4.60) o Tzkemaioc, opoc; auvr]'duc; ayvoEiTai ■xicczi npoEp/STaL ano oXoxXr]pwoir] TiapdYOVTa 

4.4.3 Osp^oSuva^ixsq MsTa(3XT]TS<; oe RD 

Acpoii Ta cpuTovLa PpLoxovxaL TidivTa oe 0AI axo xoa^ixo pEuaxo, ELvai xp^loL^o r] ^ETapXr]Ty] T va XoylCetoi. 
WC T] iJEpfJoxpaaia t«v fpwxoviwv xai 01 "dEpfioSuvafiixsc [i£TapX-f]T£c; xd-ds dXXou auaxaxixou va unoXo- 
Yi(lovxai avacpopixd ^e tic, avTiaTOiyec, xou cpwxovLxou unopdiOpou. EcpapjioCovxac xic E^. (4.50)-(4.51) yia 
cpuxovLxo pEuoxo ^lE g-y = 2, Xa^pdvExat: 

n., = 2^T3 (4.62) 
7r2 

p^ = 3P^ = 2^T^ (4.63) 
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SuvaxoXou'da, x] nuxvoTrjTa apiiOfiou ow^aTiSiwv, evEpyei-ac xai evxpoTziac, svoc, psuoTOU tzou anoTeXeiTaL 
ano axpEuc; o/ETLXioTLxd ou^axLa (^-KO^ovLa xai cpep^iovia) "dEpfioxpaoiac; Tj to xai^Eva, eivai: 

nflD = ffJv*^T^ (4.64) 

TT 

^2 

PflD = 3Pflc = g*^T\ (4.65) 
27r2 

SflD = 9s*^T''. (4.66) 
onou 01 evEpyoi api^^oi paiJ^uv EXsu^epiac; opi^ovTai, avTioTOi/a: 

Siv* = E + i E (4.67) 

i=bosons i=f ermions 



j: ^4^) +1 E f§l ' (4-68) 



i ^ \ 4 

'i= / ermions 

as* = E ^^'(1)' + ^ E ^^-^^^ 

i=bosons i=f ermions 

Ilpofpavcoc oi E^. (4.64), (4.65) laxOouv as enoyj] RD. Es etiox'/^ [i£YoiXr]c; ^ep^oxpaaiac (vwpiTSpa omo 1 
sec) npaxTixa T, = T, otiote oi, evepYOi apit>tjoi pattjiwv eXeudepiaQ anXonoiouvTai coc s^r]c;: 

g*=gs*= E + 8 ^ ^"'^ 5iv* = E 5' + i E 5« (^-"^^^ 

i=bosons i=f ermions i=bosons i=f ermions 

Auxr] T] sxcppaar] xP'n^'-i-'o^o'-^^~°"- oxov Ilivaxa 4.2 jia xov unoXoyiafio xou g*{T) axr]v nEpiTixwar] x«v 
aco^iaxiuv xou SM xai MSSM. Sxov nivaxa auxo xa sfermions xwv 86o Tipcjxcov ysvecov napiaxdvovxai ^le 
xo [8lo aii^poXo. E-klot]?, ol paiJ^oi sksu^spiac, zvoq: 

• npayf-iaxixoO pa-dfawxcO TieSiou eivai 1. 

• MiyaSixoO pa^^uxoO heSlou ELvai 2, ogzq xai ol Tipay\iaTVA.iQ auvLaxtJCJEc; xou. 

• Aetixovlou EivaL 2, ooec; xai. oi lAK opLo^evou spin. 

• Quark Eivai, 6, 2 xd^e lAK xa^opio^Evou /pu^axoc;. 

• 'A\xaZ,o\J 8iavua[iaxixou [iTio(loviou Eivai 2, oaec xai oi lAK opia[iEvr]c £Xix6xr]xac. 

• 'E^^a(lou Siavuo^axixou ^tio(1oviou sivai 3, ooec; xai oi lAK opio^evr]? EXix6xir]xac;. 

E^OTiXio^svoi [is xic TiapaTidvw aTiapaixriTSc; svvoiec;, eivai Suvaxov va ^e^eXiU'dEi evapyeoxepa r\ ^eupia 
E^eXi^r]? xou au^Tiavxo? oxr]v etio^evt] Tiapdypacpo. 



4.5 H SetopCa Tr]q MeYdXY]q 'ExpY]^T]<; 

H ©Ecopia xr]C Meya^'nc 'Expr]CT|C; (Big-Bag) sivai, xaxa ysvixri otjoXoyia, [J'.a ZTJrjjyri\iivr\ TipoaTTocdeia 
ep[jr]V£iac; xou ©au^axoc; xr]? Arj^ioupyiac. Oi Tipo3X£(];£ic xr]c tJEWpiac yia xa ap^ixd oxdSia xou Su^Tiavxoc; 
avafpepovxai axo E8. 4.5.1 O paaix6<; [ir]xavio(a6(; xrjc aTio8sa[i£uar]c Tispiypdcpexai axo E8. 4.5.2 xai axo 
E8. 4.5.3 aTToSeixvuexai [Jia ypip^ixf] ayiari auvSEarjc; x'r]c; ijeptjoxpaa'.ac; tjs xo xpovo. Efpapfioy'/^ x«v 
evvoicjv axoXout)£i axo E8. 4.5.4. TeXoc; axo E8. 4.5.5 y^vexai [iia auvxofiY] xaxaypafpT] x'r]c; laxopia? xou 
Su^navxoc; aizo (puaixr]C a7i6(|iscoc xai oxo E8. 4.5.6 xaxaypdcpovxai, oi xi^ec Sidcpopwv [iExpr]ai[awv [deys^div. 



4.5 H Oecopia t/jc Meyalrjc 'Exprj^rjc; 
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nCvaxaq 4.2: Evepyoq Api'Ofjioq BoO^tov EXeu'depiaq 







9*{^ ) 




7 


2 




4- 

+ e± 


+2 X 2 X 7/8 






+3 X 2 X 7/8 


iris 


4- 


+2 X 2 X 7/8 






+4 X 3 X 2 X 7/8 




+9 


+8x2 


rric 


+s, s 


+3 X 2 X 2 X 7/8 


rrir 


+c, c 


+3 X 2 X 2 X 7/8 


mt 


+T, f 


+2 X 2 X 7/8 


Mw 


+ 0, 


+6 X 2, X 2 X 7/o 


mt 




+3x3 


Ms 


+i, t 


+3 X 2 X 2 X 7/8 




+h 


+1 (= 106.75) 


Mg 




+6x2 




+ i)r, Ti, f2 


+3x2 




M^f, dL, d*R 


+8x3x2 






+4x3x2 




+X, X2> X3> X4 


+4x2 




xt 


+4x2 






+8x2 




+H, H^, A 


+4 (= 228.75) 



4.5.1 Ap)(ixd oxdSia 

Sxa ap)(ix(i aTocSia E^eXL^r]? tou, to aufinav rjTav RD. To autJTispaatja auTo tJTCopei va aiTiokojrjdEi av 
UTioXoyicrdei o Xoyoc t«v nuxvoxriTWv svepysiac; pm^d, Pr_d cts MD xai RD avTiaToixa xai Xr](pi5£i to opio 
R ^ nou avTiaToixsi aTr\v apxT] tou aOfinavTOC. Atio tic E^. (4.28) y.e to = 4/3 xai ui = 1 SiaipwvTac 
xaToi ^eXt], Xa^pdvETaL: 

~ J? ^ 6to(v i? ^ 0. (4.71) 

Prd 

E-KO^evuc;, to Tipwitjo Su(a7iav xupiap/siTai ano axpecoc a)(ETixiaTixr] uXr]. Aoyw Tir]c; LOEVTpo-KLXOTrjTac; 
ia)(6£i: sruR^ = est. Se auTT] tt] o)(Eoir], avTLxa^LOTUVTac; Tir]v E^. (4.56) xai XuvovTac; uc; upoc; tt] 
^Epjioxpaaia, XafipdvETai: 

T~ffsJ/'j?-i. (4.72) 

©EcopcovTac TO (75* aTattspo, autJTiEpaivETai oti T] ftsptjoxpaaia, xai xaTd auvsTieia xai r] Evepysia, tou 
ou^navTOc; yi-Oi J? ^ y^Tav noXu [iEydXr]. AvtitJetcoc, xaiJwc to autJTiav SiaaTsXXsTai x] iSEp^oxpaoia EXaT- 
TtJVETai TipooSEUTixd, OS [iia E^dpTrjar] aiio to xpovo tiou xaTaypdcpETai aTrjv TpiTT] aEipd tou auyxEVTpuTixoii 
■Kivaxa 4.1. 

Ta Tipor]Yo6[iEva autJTiEpdatJaTa EniTpsTiouv Tr]v uno'dEar] oti T] e^eXi^T] tou aujiTiavTOC $EXivr]aE ano 
^iia ^EydXr] sxprj^r]. Ajisawc [jETd, to ou^jiav PpioxoTav as [iia xaTdoTaor] u(jir]Xr]C i^Epfioxpaoiac; xai 
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Tiuxv6Tr]Tac otiou axxivopoXia xai uXr] y^Tav ouvSeSehevec;. Etio^evclx;, oi GUT anoxxouv Xoyo UTiap^rjc; xai 
heSlo EkEX)(o\j, acpou xaXouvxai va E^rjYrjoouv Tir]v xaxdoTaor] tou ou^navTOc; oxa npuxa tou oxdSia xai va 
TipopXec|jouv y] ^dXXov va ep^r]ve6aouv ar]y.spivEc, xaTaoTaasic,. 



4.5.2 MT))(av!,a^6<; Atioouv5sot]<; 

Ta a«[jdTia nou auviaxouv to xoa^ixo psuaxo napa^evouv axr] 0AI [isaw aXXr]XsTii8pda£«v axs8aar]C, 
aXXr]XoxaTaaTpo(py]c; xai SriULoupytac;. Kai^tbc; to Eii^nav cjjOxETai xaL SiaaTeXeTai, ol axTivec; aXXr]XeTii8pa- 
ar]C, r e^aaiOEVouv auyxpivofisvEC [i£ axxiva 8iaaToXir]c; tou SufinavTOC H, ohote EpxsTai aTiyf-iT], nou 
E^apTdTai ano tic [dCiZ,SQ tcov ow^aTiwv xai ano tic; aTaiOspec (Isu^rjc twv aXXrjXeTiiSpdoEwv, xaTd Tr]v OTioia 
Ta ou^dTia aTioauvSeovTai ano to xoatjixo psuaTo xai Sivouv ^la Evanofisvouoa Tiuxv6Tir]Ta. 

'Otiwc; 8ia(pdvr]xs ano Tr]v eiaaywY'r] auT7]c; xrjc sv6Tr]Tac, XEVTpixo poXo oto [ir]xavia[i6 aiioauvSearic, 
nai^ei r\ svvoia Tr]C axTivac aXXr]X£Ti[8paa'r]c; tiou opi^STai xaTd Tpono a)(£TixiaTixd avaXXoicoTO, pday] tt]c; 
Av. [38], uc; e^ir]?: 

r(T) := n«''(T) {av.ei) (T) , (4.73) 

onou n'"'(T) r] Tiuxv6Tr]Ta api'd[Jo6 tcjv aw^aTiwv aTr]v 8AI, cr r] svepyoc 8iaT0[JT] T'r]c; aXX'r]X£Tti8paaY]c;, Wrei f] 
o)(£Tixr] Ta)(UTr]Ta twv aXXT]X£Tci8puvTUV ou^aTiuv xai (...) 8r]XcovEi tt] "dEpiJixri [liari Tiijr] T"r|C; Tiepie)(6tjevric 
Tioa6Tr]Tac. UTioXoyiafjoc ttjc; TroaoTrjTac; auTirjC, ywsTai, auvrfdcdc,, tjs 8iaaTaTixd £Ti:i)(£ip"r|tjaTa xai pepaioc 
noXu upoasYYi-OTixd. Sto xscpdXaio 5, tt]? 8iaTpiPir]<; auTrjC, o axpi3r]C unoXoyiatjoc; Tr]C TioooTriTac; a\jTr\c., 
aTTjv nEpiTtTwar] tou LSP iJa Eivai evac; ano touc; paaixoOc; otoxouc; [iac;. ETio[jev6oc;, [JSTaTMEVTai as auTO 
TO ar](aeio xai oi XsTiTOtJspeiaxoi opia[aoi t«v \d£j£'du>v tiou UTisiaspxovTai aT'r]v E^. (4.73). 

'Eva ow^dTio i, [daJ^ac, mi aTioauv8££Tai aTio to xoo^ixo XouTpo os lOEp^oxpaoia T^, OTav loxusi r] 
ouvdrixr] a-KoauvSearic; r| aT:o8£aji£uar]c: 

r(TB) ~ /?(Tb) (4.74) 

'OTav r(TD) ^ H{Tr>), o xpovoc aXXr]X£Ti[8paaric; twv awijaTiwv Eivai ^ixpoTspoc ano Tr]v r]Xixia tou 
au[in:avTOC ohote t] aXXr]X£n:i8paor] npoXapaivEi va £Tiiau[iP£i, £vco OTav r(T£i) <C HiTn), 8£V npoXapaivEi. 

AvdXoya [ie Tr]v oTaTioTixr] tou ou^nEpicpopd tt] oTiynrj ttjc; a-KOouvSEorjc;, to XEi(jjavo r] nio rjnia to 
unoXsififia r\ anofiEivdpi tou awfiaTiou yapaxxvpiCfiTav. 

• 0Ep^6, OTav m,: <C T^j. Ano Ta au^dTia tou SM, auTT] r] ouvdrixr] loxuEi ^ovo Ta VETpivo Ta 
onoia Eivai xai diaaCa xai acydEvtoc; aXXr]X£Tci8p60VTa. 

• ^uxpo, OTav rrii ^ Tjj. Ano Ta aw^dTia tou SM, oXa Ta unoXoma Eivai xai E^i^ia^a xai laxupd i] 
(xai) r]XEXTpo^aYvr]Tixd aXXiqXEniSptbvTa xai etio^evuc;, OTav m, < Td r\ nuxvoTTiTa apiiJfiou touc;, 
(p-divEi TaxEwc [JE anoTEXsafia Tr]v oXoxXripwTixif^ touc xaTaaTpofpT] [isxpi Tr]v E-Koyi] Tr]c aTioa6v8Ear]c; 
nou Eivai ^ETayEVEaTEpr]. AvtiiJetwc;, ano Ta ow^aTia tou MSSM, undpxEi aaiSEVwc aXXr]X£ni8puv 
ou^dTio, TO LSP nou Eni(l£i cp-divovxac, pEpaiuc, H^xpi' tiT^ Enoxn] Tr]c anoauv8£ar|C;, xai ott] auvEXEia 
T] nuxvoTrjTa apiiJ^oii tou E^EXiaaETai [iEXpi- Tr]v EnoxV] ^lac;. Se auTV] Tr]v TEXEUTaia exSoxV] Eivai 
afpiEpwiJEvo TO Eno^Evo XECpdXaio tt]? Epyaaiac. 

H SiaTriprjaT] tt^c; EVTponiac; Eivai o dXXoc; vo^oc; nou eXeyx^i- '^'^'^ SiaSixaaia anoa(Jv8Ear]C xai [iac EniTpEnEi 
va E^dyou^E au^nEpda^aTa Tr]v nopEia tou aO^navToc; npiv xai ^ETd Tr]v anoa6v8Ear] xdi^E au^aTioO. 



4.5.3 Sua)(ET!,a^6(; Xpovou ©Ep^oxpaaiaq 

STr]v xaTaypacpr] Tr]c aXXr]Xouxiac; tuv xoa^ixtjv yzyovoxi^v npocpavcjc noXu y[pvp\.[j.r\ iJa y^Tav r] unap^r] 
^lac E^iouor]? ouoxETio^ou tuv 8uo paoixuv napa^ETpuv ttjc; ^Eupiac, tou xpovou xai tt\q ©Ep^oxpaoiac;. 
AuTOC Eivai o axonoc ttjc napaypdcpou auTirjC- Sr][i£io Enacprjc; twv 8uo [jeye^uv Eivai r] nuxvoTrjTa EvspyEiac;, 
yia Tr]v onoia loxuEi r\ E^. (4.65) oe RD xai ^nopEi va ano8£ixi5£L oti: 

PRD = ^-^r- (4.75) 

H E^. (4.75) npoxiinTEi E^xoXa Siacpopi^ovTac; xr\v E^. (4.28) ^e w = 4/3 xai oXoxXr]pcI)vovTac; xr\v 
npoxunTOUoa 

= -AH onou H = . ^ , (4.76) 

PAD V 
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OTiOTE ETZZTW. T] aTioSeiXTsa E^. (4.75). E^iowvovxac; tic E^. (4.65) xai (4.75) xai Xuvovxac iipoc, t, 
ETiLTUYXMVETaL: 

OTiou a^iOTioir]'dr]xe o aua/ETLa^oc; Twv ^ovdSwv Tou E8. 4.1. H )(pr]aTLx6Tr]Ta ttjc; E^. (4.77) eivai, -Kpocpavr]? 
aTr]v ■KEpiYpotcpV] Tr]c. e^EXi^rjc; tou aO^navToc;. O Evepyoc; otpi^^oc; paTJ^tov sksudspiac, g*{T) nou TipETieL va 
T£i5e( asriv 'EE,. (4.77) E^apxdxai aTio T'r] aua-.aari tou xoafiixou psuaxoO as 8s8o[i£vr] i^Epfioxpaaia T. Sxov 
Ilivaxa 4.2 Sivovxai, oi xl^ec; xou g*{T) yia Sidcpopec iSEp^oxpaaiec; T oi otiolec; auyxpLvovxai tiq \J.aZ,ZQ 
xuv ou^axiuv xou SM xai xou MSSM. Se EvepyEi-ec; xir]c; xd^rjc; xou EWS g*{T) = 106.75 evu xir]c; xd^rjc; 
GUT eivai ff*(T) = 228.75. 



4.5.4 ATLoauvSsar) vexpivtov 

Efpapjioyri xwv Ti:por]You^£vcjv evvoicjv unopEi va yivei axr]v nEpinxwar] aTioauv8Ear]C xwv vExpivo. E^dXXou, 
Eivai xpii^aifioc auxoc; o unoXoyicy^oc;, Yi-ott^ M*^? E^aacpaXt^EL ^la tilo axpipr] Exxi[ir]ari x«v EVEpycbv patJiacov 
EXEUiOEpiac xr]c ar][i£pivr]c TiEpioSou. 

AESofiEvou 6x1 oi aXXr]X£Tii8pdaEi(; xwv vsxp'.vo eivai aadevsic, t] ^Epfiixif^ [liar] Ti\dii xr]c EVEpyoO Staxo^ii^c; 
Eivat: ((Ti;rei) ~ G^T"^, otioxe y] axxLva aXX-r]X£Ti(8paar](; ELvai F = n((7i;rei) ~ G|.T^ (acpoii n T^). H 
axxiva 8iaaToXr]c;, Xoyw ttjc; E^. (4.76) £X£i. xr] [Jopfpri i? ~ T^/Mp. Ecpap^o^ovxac; xr]v E^. (4.74), r] 
"dEp^oxpaoia aTioouvSEorjc; xuv VExpivo, Exxi^dxai 6xi Eivai: 

~ (G|Mp)-i/3 ~ 1 MeV. (4.78) 

acpo6 ~ 10~^GcV~'^. Msaco xrjc; E^. (4.77), unoXoyi^lExai oxi xo ysyovoc; auxo autjpaivEi ae ypovo 
t = 1.03 sec, yie g^T > m^) = 11/2 xai svxpoma S{T > nie) ~ n{RT^)^ /2, E^. (4.56). 'Oxav T < Wg, 
OE xpovo i = 6.57 sec, 5*(T < me) = 2 x] Evxponia y^vExai S'(T < nig) ~ 2(ii!T)^. H 8iaxir]pr]or] xr]? 
Evxponiac; ouvEndyExaL: 



5(T < me) = 5(T > me) =^ \^fj = -. (4.79) 
Ecpap^o^ovxac; xic; E^. (4.69), (4.68) oi orj^EpivEc; xl^e? EVEpy^v paiJ^uv EXEUi^Epiac;, Eivat: 

7 _ /T^\^ 43 



gs*o = g't + -^N,g.[Y) =11' ^^'^^^ 

5*0 = + =3.36, (4.81) 



OTiou TjEupy^^rixav 3 d^a^a vExpwo (7Vy=3) ^e g,, = 2. 



4.5.5 IlEpiXTjcpT) TT]<; loTOpiaq xou SO^TtavTOt; 

Se aSpEc; Ypo'l-'l-'EC '1 '-oxopia xou Su^navxoc; xaTaypdcpExai axov Ilivaxa 4.3. HapaxaTG) Sivovxai xdTioisc; 
ouvxofiEC ETiE^r]Yr]aEic Y^ot xa xo^pixd oir][iEia xr]C 8ia8po[ir]C, Tipoxdaovxac xr, xpo^'-5<''^i aTioaxaar] aTio xt] 
oxiYHrj XT]? MEYdXr]? 'Exprj^r]? xai xrjv avxioxoi/r] iJEp^oxpaoia oi otioie? ouvSsovxai ^sow xr]? E^. (4.77): 

• ~ 10~^^ sec ^E Tp ~ 10^^ GeV: H etioxV] Plank, axr]v oTioia xupiapxEi r] Kpavxixv] Bap6xr]xa. 

• ~ 10~^® sec [iE Tg ~ 10^^ GeV: H etioxV] SUSY-GUT axr]v oTioia evxdaovxai rj [JExdiixwar] cpdarjc; 
nou auv8eexai [je xo nXrj'dwpio^o, xai r] ■n:paY[JaxoiTO'.r]aY] xy]c; BapuoY£vea'r]c;. Eivai xo ari^Eio axo 
OTioio T] auYXpovT] $uaix"r| Sxoix£iw8wv I]w(aaTiwv EtpaptjoCEi xai eXeYX^'- "'•'^ i^Ewp'-ec; T"r|C;. 

• ~ 1 sec — 3 min [is T/v ~ 1 — 0.1 MeV: Aa^pdvEi x^po' ^1 xaxaaxEuy^ xwv vouxXeovicjv, xai xuv 
EXacppwv oxoixEiwv oxr] ouvsxEia. 
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ntvaxaq 4.3: loTopia tou S6^navToq 







T fop VI 


X P/ O P/ VT in 1 /TT 1 Vry 




ID 


1 nl9 
10 


KpavTixK] 


(Plank) 






BapUTrjTa 


1 ■Kepau[jtj£Tpixr]C 


1 n— 36 


1 nl5 
10 


EvoTioLrifisvr] 


EvoTiOLr]aric 






MeTOCKTUor] ^doewc; 


^aUa 1-CjrU i J 


1 n— 32 


1 nlO 
10 


nXri'dupia^oc; 








BapuoyEvear] 


HXexTpao^evir]c; 


1 n-10 


1 n2 
10 


HXexTpao^evir]c; 








MeTocKTuar] ^doEuc; 


ASpovLxr] 


ID 


J X 10 


Suv^eor] ASpoviuv 




4 X 10~^ 


1.4 X 10"^ 


KaxaaTpocpr] tt 


AenTovixr] 


X ID 


1 X 10 


KaTaoTpocprj /i^ 




Q V/ 1 n— 3 


1 V/ 1 n— 2 
1 X iU 


ATiooEa[iEuor] 




0.7 


1 X 10"^ 


AnoSeafisuar] i^e 




6 


.5 X 10~^ 


KaxaaTpofp^r] e 


$UTovixy] 


60 


.1 X 10-3 


NouxXeoauvdsar] 




6 X 10^2 


.4 X 10"'' 


AnoaOvSsar] 












2 X lO^'' 


10-12 


Hapuv 



• id ~ 10^1 sec xai ~ 10"^ GeV: H evEpyeLaxy] TiuxvoTrjTa Tr]c axxivopoXLac; ywETai [ar] t-ie auTi(]v 
TT]? liXr]? K] OTioLa axaSiaxd jivETai xupiapxT]. Ett] auvexei.Q(, xa e~ auvSeovxaL touc; nupV^vEc; 
8r][JioupY6bvTa(; xa npcaxa diTo^a. 'Oxav r] evEpyeLa t«v fpwxoviwv tou unopdcdpou, y^vsi [iixpoTEpr] aTio 
Tr]V svepysia ouvSearjc twv axo mto^o tou H (13.6 eV), yivsTW. x] anoauvSear] twv (pcoTOViuv ano 
Tr]v uXr]. Ta dTO^a aTioxTOUv Eua-d'dsia acpou Ta cpuTOVLa tou unopdcdpou Ssv £)(ouv Tr]v anaiTOUfievr] 
EvepYEia Y''°' ™ Sisys'-pouv. Enofievtot;, Ta cpuTovLa ■KaOouv va aXkrikeinhpotiv [is xrjv 6Xr] xaL 
auvE/iCouv EXsii^epa T'r]v Tiopeia touc 8ia[i£aou twv aLtJvuv auvLaTtJVTac; Tr]v CBR. 

• to ~ 10^^ sec Tq ~ 10"!^ GeV: H auyxpovr] enoxi^ twv Ti:apaTr]pr]aECJv xai tcjv ava^r]Tr]as«v. 
4.5.6 TpE)(ouos(; ti^ec; Koo^oXoyixwv Ilapa^ETpajv 

Ta [iETpr]ai,[ja TiapaTripr]oiaxd 8e8o[jeva oTa onoia oTripi^ETaL r] ouyxpovr] Koo^oXoYia eivai 8uo (o Seixtt]? 
ae Eva ^eYeiJoc; 8r\k(x>ve[. arjUEpwr] tl^t]): 

• H i9ep^oxpaaia Tr\z CBR, nou ^ETpiETai aTio tov Cosmic Background Explorer (: COBE): 

To = (2.726 ±0.01) °K, (4.82) 
^E ^la avLooTpoTiia nou ETiiorjc;, ^ETpdTai [is jiEydXr] axpipELa: 

^ ~ 6.6 X 10-«. (4.83) 
Jo 
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• H Tiapd^expoc tou Hubble, tiou Sivexai [xe XPi^or] ^la? vsa? Tiapa^sxpou avayi^yf\Q h, 

J?o = 100/ikmsec-iMpc"\ otiou /i = 0.65 ± 0.15. (4.84) 

To ^eycxXOTEpo TiapaTr]pr]aiax6 Tip6pXr]na axov upoaSLopLa^o tou Hq sivai r] apepaLoxriTa axov xa- 
■dopiaiao tuv xoafioXoyLXUv aTiooTdoEuv. 

• O Xoyoc; xr]? apLiJ^riTLxy]? Tiuxv6Tr]Tac; tuv papuovLUv Tipoc; ami] tuv cpuxoviuv, nou 

1.9 X 10"^° < ??o < 5.8 X 10"^° OTiou r]o = — (4.85) 

H [iETprjar] auTH], otiwc; cpaivsTai, eivai e^aLpeTixd axpipr]c. 

• H napd^ETpoc; xoa[JoXoYixii^c Tiuxv6Tr]Tac; cppdaExai xdxwiJev and UTioXoyiafioOc; as a[ir]VOL YQtXa^itJv 
xaL dvu^ev ajio tt] aujiTiepicpopd ttjc YO«Xa^iaxr]C apidjiriTixr]? TiuxvoTrjTac; ec^ic: 

0.1 < fJo < 2. (4.86) 

Me xa SsSo^eva auxd ^nopouv va u-KoXoyLcrdouv: 

• H xpiai^r] TiuxvoTriTQt xpr]ai^oTioicI)VTac; tic; E^. (4.22) xaL (4.84): 

Pco = (2.99863 X 10^12/1^/2 GeV)^ ~ 1.0523 x IQ-^h'^ GeVcm"^ (4.87) 

• To dvu opto Tr]c. rikixiac, tou Su^TiavTOc;: 

to < = 9.778 X 10^ h-^ yr. (4.88) 

• Oi Tpsxouaec xifisc yia tic 'dspfioSuvafiixsc [i£TapXr]Tec; nou xoipoiXTr]pi^ouv to unopa'dpo axTivopoXiac: 

PR. = 5*0 ^T(f 2± 4.54 X 10-1° GeVcm-3, (4.89) 
flR^h^ = 4.18 X 10-^ (4.90) 

27r2 

SO = 5s*o^T3 ~ 2970cm-3. (4 

EtSLxd Ta (pWTOVia tou unopd-dpou )(apaxTr]pioTi,x6 vou^epo sivai auTO nou npoxunTEi. \is ecpap^oyr] 
TT)? E^. (4.62), ~ 422cm-3. 

• H Tiapd^ETpoc; xoa^oXoyixr]? TiuxvoTrjTac; twv papuoviwv, ■)(Pf]'^'-[^onoi(ii\iT(xz tic; E^. (4.23), (4.87), 
(4.60), (4.85) TT] ^d^a tou TipuTOViou itib ■= .937 GeV xai to n-^g-. 

0.007 < fiso/i^ < 0.021. (4.92) 

Etlc; TioaoTriTSc, tzoxj Tiapo\jaiaaTr\xav as auTo to eSdcpio i}a aTr]pr]X'd£i T] a^LoXoyriar] tou xoa^oXoyLXou 
TipoTtjnou axr] auvsjsia. 

4.6 nXT]'d(opLo^6q 

TiXr]'dcopia[i6c (inflation) sivai Eva oTdSto oTr]v e^eXl^it] tou Su^TiavTOc; xaTd to onoio o napdyovTac; 
xXifiaxac au^dvETai £xt>eTixd. H EtjfpuTeuari [Aac, TETOiac; 8ia8ixaaiac aTr]v TiopEia E^sXi^rjc tou EutJTiavTOC 
xpMriXE avayxaia, yi-QiTi to SBB T;apouoia(lE xdiioia paaixd ^EiovEXTr]^aTa nou lo/upd anEiXouoav to 
oixo86^r]nd tou. H uXoTioii^ar] ttiz iSsac; tou TiXriiOwpiafioO EXTi^ETai oto E8. 4.6.1 ol ouvetielec; Tr]c; oto 
ES. 4.6.2 xai 8ieu'd£Tr]ar] twv Tipo3X'r]tjdT6ov oto E8. 4.6.3. EttiXeye'C'- TipoasYYi-CTTixr] Tiapouaiaa'r] tou 
■ds^aTOc;, jia-.L auTO Se auvSsETai d^Eoa ^e to avTiXE[[a£vo, oto otcolo elvkl acpiEpw^Evr] T] Epyaaia auTif^. 
IIio EXTETafiEVT] avdXuar] yivETai otic; elSlxec; Av. [40], [41] xai [42]. 
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4.6.1 S)(s5id2^ovTac; tov nXr)'d(opia^6 

TiioTi'dsTai f] Onap^Y] svoc xoa^oXoyixoO paiS^WToO TieSiou cp (xou infiaton) to onoio eivai jiovo xou xpovou 
auvapirjar) <p{t) xai £X£yX^''^°"' tic; xkaaixiq, s^iacxtasiz xivr]ar]C- To xtlol^o evoc; auyxexpifisvou tiX- 
r]'dupiaTixou upoTUTiou aiiaiTSi ETiiarjc; ttjv uiot)£Tr]ar] evoc SuvatJixou X'^P'-'^^ auTO va aXXoiwvsi Ta y^vi'- 
xa )(apaxTr]piaTLxd( tou ■KXrj'dupiaiJou t:ou t>a avacpepiJouv T:apaxdT«. SuvrjiSciLx; axa nXaioia ^lac; GUT, 
o nXri'dcopiafioc e^EXiooETai xaTOt T"ri Siapxeia [diac, [dz-arrMariC, (paar|C;. To Suva^Lxo E^apTtXTai ano tt] 
t)eptJoxpaa[a T [le xpiai[ao xai e^sXiXTixo TpoTio. Ar]Xa8ii^ undpxsi iJepfioxpaaia xpiafir] T^, tiou auvapToiTai 
d^saa to xsvo tt]? TJewpiac; (^). 'Oxav T > Tc, to ((?!>) = sivai to oXixo EXdix'''^''^o t^ou 8uva^ixo6. 'Otmv 
T = Tc, TO (0) = xai, ±Mg etvai EXaxioTa. 'OTav T < T,., to {(p) = e[vai Eva touixo eX6ixi'<'''^o 
8uvatjixo6 svo) to oXixo £Xd)(iaT0 eivai oto ((/i) = Ifo'. Edv to infiaton ppiaxoTav xaxd Xadoc, oto ar.a-riko 
eXayj.a-o {(j)) = ■da xiM-qdei Tipoc to TipaynaTixo (0) = site ■dspyiixsz Siaxufidvasic, eite [js to 
(paivoiaevo Tr]C aripaYYOt?- Av etil-kXeov, to Suva^Lxo Eivai, apxouvTUc; o^aXo xaTd tt] StapxEia Tr]c xivr]ar]c 
TOU inflaton Tipoc to TipayfJcxTixo xsvo, waTS rj xivr]Tixr] tou EVEpyEia va ^TiopEi va a^EXrj^EL as ojsor] [is 
TK] SuvatJixr], tote undpxouv auvt>7]XEc; £u8ox([J'r]ar]c; tou TiXrii}6opianoO. 

H [ia'drijiaTixr] jjeXett] ^EXivd [j.e ttj XavyxpaCiavr] TiuxvoTrjTa tou heSlou (j) oto CRF, hou Eivai: 

jC^ = \d^(j}d''(l> - (4.93) 
ano Tr]v OTioLa Xa^pdvETaL o TavucyTV]? EVEpYELac;-op^i(]c;: 

T^" = a^^"'^ - f"'^^ = 9'^^''^ - f"' [\9x<l>d^<p - V(4>)^ , (4.94) 

Ano TOV TavuaTT] auTO, Tipoxu-KTOUv: 

• H -KUXvoTTiTa EVEpYEiac; xaL r] nisar] tou (j): 

P0 = T°^° = + V{ct>) (4.95) 
= = - V{<l>) (4.96) 

• To TipuTO T^Ep^oSuva^Lxo a^iu^a, E^. (4.20), ^e ^opcpr]: 

p^ = -3H{p^ + P^) (4.97) 

Me avTixaTdoTaar] tuv E^. (4.95), (4.96) a--qv E^. (4.97), XafipdvETai t] E^iacoar] x[vr]ar]C tou 4>, 

4> + 3H4) + V'{<f)) =0. (4.98) 

BEpaicjc;, T] iSia E^iawar] Xa^pdvETai xai ^e EXa)(icyTOTioiyiar] tk]? SpdaT]?, 6^«c Eivai nio xpovopopa r] Tiapouai- 
aar] xat 8ev ULO^ETi(]^r]XE. EiivSuaa^oc; tuv E^. (4.18), (4.95) xai (4.98) TiapsxEi Tr]v TiapaxdTW xPA^^y^'']- 

Baaixi/] napaSoxr] tou TiXr]^upta^o6 Eivai oti xaTd tt] StdpxEia tt]? nopEiac; tou Tipoc; to npaynaTixo xevo, 
TO (f) oXicnJaivEi apyd, Sr]Xa8f] o opoc Tpiprjc UTiEpioxuEi xai r] xi.vir]TLXir] EVEpyEia Eivai UTiOTOVixir] oe ayzai] 
\iz Tr]v 8uva[iixr]. IIoaoTixd EXcppaCofiEvoi: 

> ^ xai y(0) > 02 (4.100) 

A^iOTioiuvTac; tic; Ti:poir]You^EVEc;, TipoxuTiTEi: 

(4.98) =^ 3i70=-y'(0) (4.101) 

(4.95) xai (4.96) =^ P0--P4,, (4.102) 

(4.102) xai (4.97) ^ ~ est, (4.103) 

(4.103) xai (4.99) => iJ(0) ~ est. (4.104) 
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Me a£,\.o-Koirpr\ Tr]c TsXEUxaiac r] E^. (4.18) oXoxXripcovexai. dfisaa. MotXiaxa, o opoc xafiTiuXoTrjTac, kj E? , 
^Tiopei aacpaXcoc va napaXrjcp'dEi Yi^att, onuc; upoxunTEi., o R{t) au^dvei xayiuiQ xai xa'dioTti Tr]v TiporjYou^evr] 
■Koa6Tr]Ta a^EXr]Ta[a. E-ko^evuc;, 

OTiou Yi.a Hi-ot TUTiixy] GUT Vq := ^(±('?^)) ~ Mq. Su^PoXl^ovtmc; ij, tf xr\v ap-/}.x-f\ xai xeXtxr] ax\.y\j.f\ tou 
■KXr]'dupicy[io(j, au^nEpaLVETaL oti o iza-payovxaQ xXi^axac; z~/z\. ia)(updi zv\.a~/uQz[ axo xskoc, tou TiXr]^upLa^o6 
Ev(x> 1] 'dspyioxpoLaioL exei. e^iaou eXXaTUiJEi aii^cpwva [is Tr]v E^. (4.72): 

R{tf) = R(U)e"*^*f-''^ := R{U)e^' , (4.106) 

T{tf) = T(ij)e--^*(*/-*-) (4.107) 

Me xaxaXXriXr] er.iXo'xr] tou api^^ou Ng tuv e-nxu/wv eivai Suvaxov va Xudouv oka xa TipopXr][iaTa xou SBB, 
■Kpdyna Ttou E^r]YeiTai oto enofievo eSdcpio. EtSLXOTepa, avTixaTdoTaor] ttjc E^. (4.106), unoXoyLCstai: 

• To ^eYeiJoc; tou opi^ovTa, yp'^'^'-y-OT^oidiVTac, Tr]v opiaTLXV] E^. (4.7): 

J/' 

djj(i) = e"^' J = e^**(l - e-"*')IH^ ~ -ff^'e^**, (4.108) 

onou o opoc; e^^** ^-Kopei va napaXeLcp^ei, Yi-ott^ oi' XPO"'"^'' avacpopdc; eivai tt]? Ttx^r]? tou to- 

• H au^Tiepicpopd tt]? napa^ETpou xoa^oXoYixv^c Tiuxv6Tr]Tac, xP''l'^'-l-'0''^oiCjJVTac; tt] E^. (4.24): 

n(i) - 1 ~ llR{tf = (4.109) 

ETTniXeov, [is avTixaTdoTaar] Tr]c E^. (4.102) aTr]v E^. (4.26), XafipdveTai oti t] TiapdfiSTpoc eiiiPpdSuvarjc 
eivai apvr]Tixii^ xaTd tov Tikr\'du>piay.6, 8r]Xa8ir] r] SiaaToXy] y''*'^™'' E:Ti:i.Taxuv6^eva, npdY^a tiou anoTeXsi ^la 
axo^a elSoholo Siacpopd Tr]c TiXr]i5upiaTi,xi(]c; SiaaToXr^c; aTio ami] tou SBB. 

Ta eupr][iaTa ttjc TiapaYpdcpou auTr]C a/ETixd tje tx] aufinepicpopd tcov xoafioXoYixcov napafiETpcov xaTd 
TT] SidpxEia TOU nXrj'dwpLo^ou, s/ouv rpr] xaTaYpacpEi aTif]v TpiTT] aTr]kr] tou ouYXEVTpuTLXou Hivaxa 4.1. 

4.6.2 IlapETto^sva xou nXrj'dcijpia^oO 

AxpoiSiYwt; SivETai sva TispiYpafifia Tr]C i5eupiac; tou ■KXr]'dupia[jou. H 8ia8ixaaia nou -KepiYpdcprixe oto E8. 
4.6.1 EivaL ^la aTiXoTioir][icvr] [dopcf-f] tou TiXr]pouc [ir]xavio^ou. Autoc; e^sXiaaeTai oTa TiapaxdTO oTdSia: 

a. Tr]C apjr]Q oXia'dr]ar]c;. Ss auTO to aTdSio fjTav acpLepufievo to E8. 4.6.1. KaTd tt] SiapxEia tou, r] 
x[vif]ar] TOU (p sXsyxcto"- aTi:o T-r]v E^. (4.101), otiote auTH] [ioidCs'- [JE fJi-a aTiXy] Siafpopixr] e^iawar] tiou 
nepiYpoffpsi x[vr]ar] [is Tiapouaia Tpiprjc, ano otiou xai r] ovo[aaa[a tou aTdStou auTo6. Bio axptpeic; 
av)vdr]X£c. and Tr]v E^. (4.100) ^Tiopouv va SiaTUTiu^ouv, oi otiolec; Sivouv Tir]v EXsu^epia r] napd^ETpoc; 
TOU Hubble xai o api^^oc; tuv e-nTUXuv va e^apTUVTai aizo to inflaton. 

p. Tuv ouvacpuv TaXavTUoeuv. Eivai oTdSio enaxoXou^o TT]? apYrjc; oXicrdir]or]c;. KaTd tt] Sidpxsia tou, 
o opoc <i> Y'^E''^°fi UTioXoYiofioc onoTS Y] E^. (4.98) "du^L^eL a6aTr]y.a tiou TaXavTtJVETaL. To inflaton 
SiaoTidTai as dXXa noXii mo eXacppd ano auTO a«[idTia. 

y. Tr]c. ETi:ava'dep[iavoir]c;. Eivai oTdSto -KapdXXriXo tuv auvacpuv TaXavTwascjv. To inflaton xa^uc; 
SiaoTidTai, axTivopoXsi, ohote to Su^nav nEpvd aizo Tr]v xupiap^ia ttjc evspYEiac tou xevou oTir]v 
xupiap/ia TT]? axTLVopoXiac. H iJepfioxpaaia aTr]v onoia anoxa^ioTaTaL Lo6Tir]Ta avd^eoa otic; 8uo 
Tiuxv6Tr]Tec; evepYEiac;, (equidensity point) XsYSTai iJepfioxpaaia snavaiJEp^avcyric; xaL e[vai Tr]c. Ta^r]Z 
Tr ~ 10® GeV. EtielSi/] xaTd ty] Sidpxeta tou TiXriiOwpiafioO t] "dEpfioxpaaia EXXaTtovETai, xaTd Tr\v E^. 
(4.107), noXu TJM anoTOfia ano 6,tl Tr]v etioxV] ttjc; axTLVopoXiac;, T] TidpoSoc; ano tk] [lia cpdar] aTr]v 
dXXrj, [JTOpei va i}£6)pr]'dEi (±>c, EKava'depijavar) tou auiJiiavTOC. 

To asvdpio TOU nXrj'dwpLo^ou, eXeyxetQ"' '^t^o '^<-Q ETiniTwaEic tou ott] CBR. MnopEi va iSE^EXicodEL Evac 
(poptJaXiofioc; tiou ouvSeel tic; Siaxu^dvoELc; Tr]z CBR, tiou TiapaTT^pouvTai aTio tov COBE, E^. (4.83), [iE 
TT] [JopcpV] TOU xpiT^'-MOTioioOfiEvou jia TOV TiXriiOwpiafio SuvafiixoO xai tov apiiJtJo twv e-TiTUxwv. ETiofis- 
v«c, o Ti:Xr]i5wpicy^6c; TiaOsL va aTioTEXsL Eva a(pr]pr]HEvo ^a^r]naTix6 xaTaaxEuaa^a, acpoO Ta ar]nd8La tou 
(|)r]XacpuvTaL oto ouYXpovo ou^Tiav. 
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4.6.3 Ta TLpoj3XT(]^aTa tou SBB xai r) Xuar) xouq 

H Ecpapfioyr] tt]? SBB extoc; ano XL? ar\y.avTixsc, eTHTUxte? ti:ou £)(£i aTr]v ep^r]vs[a t«v xoanoXoyixcjJv 
napaTripii^cyEUvv o8r]YE^ xai as xdmoiec; avTicpdaEic;, ol onoiec; aipovxai TauTo^pova y.e xpA'^'^ '^'^'^ iMac, tou 
nXr]'dupia^o(j. HapaxdiTU STiiar]y.w.vovTai xa upopXr^^aTa xai oxia'xpacfsiTai f] Xiiar] touc;: 

a. To Tip6pXr]Ha tou Opi^ovTa. O opL^ovTac; evoc; au^aTiou Excppd^Ei to [is^E'doc, tou aO^navToc; tiou 
\nzopsi va Eivai as Enixoivcovia [is to aufitXTLO auTO, [iEaco cpcoTSivcov ar][id(TCOv. H aua)(£Tiar] tou 
opi(lovTa djj xai, tou orj^epivou ^eyeiJouc tou aufiTiavTOC D xdnoia oTiyn'T] i SivsTai, aizo Tr]v napaxaTW 
oxeor]: 

m = (4.110) 

oTiou xpl^c7l^o^lOl^^'^r]xav ol E^. (4.13) xat (4.29) xai lOECjpii^iJrixe otl D{tQ) = dnito) = 3io- Aa^- 
pdvovTac; UTi6(Jjr], Tr\v E^. (4.29), Ecpap^oyV] Tr]? E^. (4.110) TiapE^Ei: 



D{t) R{t) R{U)to ( tV'^ (UX''^ to \ D(U)ldH{t,i) -10^ 



dH{t) R{td)R{ta)t \tdj \toJ t I D{tG)ldH{tG) ~ lO^^ 



(4.111) 



'fioTE, o acofiaTiSiaxoc opi(lovTac Eivai xaTOt tioXu [iixpoTspoc; (iv.6 to [J£Y£''9oc "o^-* f7U[JT:avTOC xdcOs 
XpovixT*] aTiYHi*!- EYEipETai,, Xoltiov to zp<!dTry.a, ticjc; k] CBR eivai Toao tioXO ofioyevric; acpoO Ta 
cpuTovLa 8ev e[vai SuvaTov va etilxolvuvoOv ^ETa^O touc;. Me xr\ \j.za6ka!^r\ar\ tou TiXr]^upLa^o6, r\ 
TiapaTidvu ■Koa6Tr]Ta ypdcpETaL: 

D{t) ^ R{t) R{tf ) R{td) to 
dnit) R{tf) R{U) R(to) t 

-H(tf-t) ( ^V^^ ( t±\^'^ 



= \tj [to) J^DitG)/dHitG)-10-' (4.112) 

OTIOU )(pr]ai[iOTioir]i}r]X£ iVg ~ 65 xai tj = tG + Ng/H^. Su^TiepaivETai, Xomov, otl r] ou^poXr] tou 
TiXT]t)6jpi.a[iou Eivai xa^opioTixy] aTr]v apat] tou napdSo^ou tou opi^ovTa. 

p. To Tip6pXr][ia ttjc ETii,Tie86Tr]Tac. Ta TiapaTr]pr]aiaxd suprj^iaTa Tr]C Ec. (4.86) yia ttjv TiapdfiSTpo 
f2 PpioxovTai TToXu xovTd aT'r]v opiaxif^ Tifir] tiou ap^o^Ei as Eva ehiheSo Eii^nav, Tipdyna tiou xaTa 
apx^ XP'H^si eciY"'l'^£'>^C- Suvax6Xout)a, avaCrjTtJVTac; Tr]v tl^V] tk]? Tiapa^ETpou auTi/]? oto apji^ovo 
aufiTiav PpiaxofiaoTS Tcpo £xnXr|Cewc;: 

OTiou )(pr]ai^oTioiii]i}ir]xav Ta aTi:oT£X£a[aaTa tou Ilivaxa 4.1. H TiapdSoCT) amx] axpipsia eivai evSel^T] 
■KaTJoyEVELac; tou SBB. Mia mo Xoyixri KitJavoTi^Ta ^a ifzav rj TiapdjiETpoc fl va PpiaxETaL xovTd axr] 
[iovdSa [JE T"r|V [Sia TidvTa axpipEia. XIpaytjaTixd, [iE Tr]v -Kapouoia tou TiXir]^upLo^ou, o Xoyoc; ttjc; E^. 
(4.113) ^E XPl^'^l^ ""^iT^ E^. (4.106) Ypd9ETai: 

n{to) - 1 _ ftoY^' f t_d\ ^2iv. ^ j^(^^) ^ 1 (4114) 



fi(iG)-l \tdj \tf 
[Jle ETiLXoyr] A^e > 60. Suvetiuc;, o TiXir]^upLo^6c; npopXETiEi. Eva etiltieSo Su^Tiav. 

To Tip6pXr][ja twv av£T:ii5utjr]TWV X£i(];dvwv. Auto to Tip6pXr]tja avaxuTiTEi, aTio tT] auvSsar] tou SBB [ds 
GUT. Kaxd tic ^STaTiTWOEic 9daE6JC t:ou sivai avanotpEUXTEC axofia xai ^e anouoia tou TiXr]'dcopia[iou, 
afpou X^P'-^ auTEc; 8ev ^nopEi va [iETaTi7]8-f]aEi xavEic; aTr\v aufifiETpia tou SM, 8r][iioupYo6vTai papid 
awtjdTia, Xoyw TOTToXoyixcov av«[iaXiwv. Ta t:io av£T:it>utjriTa aTio auTd Eivai Ta [lajviyiixa. [JovoTioXa. 
EiiEiSii^ Ol aXXr)XETii8pdaEi(; touc Eivai acnJEvsic auTd Ta acj^dTia aTioauvSsovTai EUXoXa aTio to xoa^iixo 
pEuoTO xai E^EXiooovTai [isxpi or][iEpa, rj api'd[ar|Tix"f] touc TTUXvoT/jTa cp-OivEi Tiio apyd, oav R^^ ano 
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6,Ti x] axTivopoXia (nou cpiJivEi oav i?^''). 0a [iTiopouoav, Xomov va y^vouv to xupiap)(o uXixo tou 
S6[iTiavT0c;, uptXYHa nou avTixpouETai, and xa TiapaTr]pr]aiax6( SsSo^eva. H Eiaa^c^X^ tou nXriiOcopiafiou 
auvTEivsi aT'r]v aTiaXXayr] ty]c; iJewpiac; aTio TSTOia avETinJutariTa xaTaaxsudataaTa. Kai auTO, 8i,6ti, T] 
evepYSiaxr] nuxvoTriTa tou inflaton, eivai xaTa noXu [leYakitTEpi] xai Ttio avdsxTixif^ aTr]v eniSpaar] tt]? 
SiaaToXv]? ano Tr]v apii5[ar]Tixr] Tiuxv6Tr]Ta t«v [iovonoXuv, r] onoia YP"'lYop°' xaiJicyTaTai a[i£Xr]Ta[a. 
STr]v uXoTioiriar] tou tjr]XC(via[iou auTOU xpEidCleTai upoaoxr] oto ar][isio Tr]c £Tiava'dEp[iavar]c, coots x] 
iJep^oxpaoia va ^r]v avucjjuiOei Toao oao "da snETpeTiE Tr]v eTiava8r]^ioupYia twv ^ovotioXuv. HpETiei. 
XoLTiov, TO Tj, va Eivai, orj^avTLxd jiixpOTSpr] aiio Tr]v [id^a tuv ^ovotioXuv. 

5. To Tip6pXri[aa tcov [isyo'^T^ xXifiaxac 8iaxu[idvoEuv. To SBB 8ev SiaiJETei [ir]xavia[i6 TzapajCx^jfic, 
apx^jovdiv Siaxufidvaewv aTr\v Tiuxv6Tr]Ta evsp\£iac„ (Sp/p) o6ts xai aT'r]v iJsptaoxpaaia Tr]c CBR. 
Me Tr]v upoa^y^xr] tou TiXri'dupicy^oii, oTzac, i(]8r] avacpepiJrixe, avaiiTuaaeTai Evac; (poptjaXio[a6c; oOv- 
SEar]? Tuv SLaxu^dvoEuv auTtJv tov api^^o tuv e htuxwv, tcou STciTpsnei Tr]v e'ifiyrpy] Tr]c t-iixpr]c 
aviooTpoTiiac;, E^. (4.83), oTir]v CBR. 

SutdTTspaatJaTixd, o TiXr]^wpia[j6(; EivaL Eva (pawo^Evo tiou ■KLOTEiiETai, oti xo'po'>i''^''lP^^E'- s^eXi^T) tou 
TioXu Tipwitjou autJTiavTOc; ijETd to teXoc;, tou otioiou r] poi] ttjc lOTopiac auvExt&Tai xaTd Ta TipopXETiotJsva 
aiio TO SBB. SuvEncoc, o TcXr]'d6jpia[i6c 8ev UTioxaiJioTd to SBB, anXd to ou^nXrjpwvEi, "dEpanEUEi tic aTsXEiEC 
TOU xaL PeXtlCjJvel tlc; TipopXEtljEic; tou. 

4.7 KpLTLXT^ TOU Koo^oXoYLXou IIpOTUJlOU 

Mia aiiOTi\driar\ tou KoojioXoyLXoO HpoTOiiou nou napouaidaTTiXE oto XEcpdXaio auTO EivaL o otoxoc; auTo6 
TOU ESacpiou pdar] tuv Av. [41] xai [43]. HapaxdTU xaTaypdcpovTai: 

a. Oi EniTUxiEc; tou SBB. Etlc; etiltuxiec; tou SBB auyxaTaXEYOVTai Ta E^y^c;: 

• H E^^^Yl^cyl^ '^^Z SiaoToXy^c; tou Eii^navToc;. 

• H sE,fiyr\ar] Tr\z 6Tiap^r]c; xai Tr\z a6aT0Lar\z ttjc; CBR. 

• H E^rjYrjor] ttjc EvaiiofiEvouaac Tiuxv6Tr]Tac; tuv EXacppcov otoixeiuv tou Eu[J7iavT0c;. 

EtiitiXeov [je tt] auv8potj"r| tou TiX"^i5copia[iou, aipovTai Ta napdSo^a tzou E^cpdviS^E to ouyxExpi^Evo 
TipoTUTTO xai ECT|Y£'-Tai T] TiapaTTipoujiEvr] aviaoTpOTiia, aTr]v CBR. 

p. MEpixd aSiEuxpivioTa "dsfiaTa. Kdiioia or]^Eia Tr]c iJECopiac Tiapa^svouv aSiEuxpivioTa, 8r]Xa8r], 8ev 
EXEL xaTaoTEi SuvaTov va SiaTUTiu^Ei ^e axptpEta ^la xoivd anoSEXTi/] Ep^r]VEia yi^a auTd. AtioteXo(jv, 
Eno^Evuc;, avTLXEi^Eva EpEUvac;. A6o Eivai Ta paaixd avoiXTd i^E^aTa tt]? SOyxpovr]? Koa^oXoytac;: 

• H BapuoyEVEar]. AOo Eivai Ta Ep«Tii^[iaTa tiou TipsTiEi va xaTavorjiDoOv. IIou ofpEiXETai T] Ti:pofpav/]c; 
aau^^ETpia ^lETa^O (Ar\c, xai avTiuXr]? oto au^Tiav xai noid Eivai t] npoEXEuar] tou TiapaTr]poO- 
^Evou Xoyou rjo OTTjv E^. (4.85). Oi lSeec; nou TipoTELVovTai ^nopoOv va Ta^Lvo^r]^o6v as Siio 
xaTr]YopiEC. Mia tiou napdyEi Tr]v papuovixr] aaufifiETpia oe xXifiaxa EvspyEiac GUT xai [dia as 
EWS. H TiapaywYV] ymope'i va yivEi eite d^Eoa elte ^eou Xetitoyeveot]?. Auto oe TipoTUTia 50(10) 
yivETai ^E Sidanaar] tuv SE^ioaTpocptJv vETpivo tiou TiapdYOVTai oto teXoc; tou TiXri'dupicy^oii ano 
TO inflaton. 

• H SxoTEivr] 'TXr]. T:X"r|i5wpiata6c npopXEHEi sva ehiheSo Su^nav TipdY[Ja iiou ar][jaivEi oti 0. = 1. 
Atio tic, \JiSXP'- twpo' 7iapaTrip"/]aEic;, oi ouvioTafisvEC tou J7 otic; E^. (4.90) xai (4.92), aiiExouv 
■K0X6 ano Tr]v ETiaXii^i5Euar] Tr]c ■KXr]'dupiaTLXi(]c; T:p6pXEcJjr]c;. Eivai, o^uc; yevixd anoSsxTo oti extoc; 
aTio TT) cpcoTEivV] OXt), T] onoia exei xaTa[iETpr]i3Ei, uirdpxEi xai oxoteivV] T] OTioia Eivai SOaxoXo va 
avLxvEUTEi xai ■xiauxo Tiapa^EVEi aTiapaTr]pr]Tr]. Me auTT] Tr\v apxixi*] unofdear], exouv ETiivorj^Ei 
Sidcpopa ou^aTiSiaxd oEvdpia nou xaTaXrjYouv ott] iJE^EXiuor] evoc; ehiheSou ou^navTOc;. 

'Otiuc; cpaivETai aTio Ta Tipor]Yo6^Eva, T] auvSpo^T] tt]? $uaLXi(]c; StoixeluScjJv Su^aTiSluv Eivai ano- 
cpaaiaTixr]c; ar][jaaiac; jia tt] SiEpEuvrjar] tcov avoiXTCOv tieSicov ttjc KoafioXoy'-ac;. Se [Jia TSTOia auC^EU^r] 
avTixEi^iEvwv yia tt] [iEXsTT] tou iJs^aTOC ttjc; Exoteivh]? 'TXr]c; Eivai acpiEpcofisvo to EnofiEvo XE9dXaio Trjc 
SiaTpipv]? auTi/]?. 



KecpdXaio 5 



5.1 ELoaYtoYT] 

O paaixoc cpopfiaXiafioc tiou -da STxixpscjjeL Tr]v aiivSEor] Tr]c ^uaixy^c Etoix£i.«8cov Eu^axiSiuv tic; 
avaZxiTfiasic, Ty]c, Suyxpovi^c; KoatJoXoy'-Ofc; y'-a tt] Sxoxsivr] 'TX'r] (: DM), avanxuaaexai as auxo xo xs- 
(pdXaio. EiSixoTEpa, axo E8. 5.2 ec'IYS'-O'- 8'.£Co8i.xd( xo "dsfia xr]C DM, xai EniXsYSxai xo aevdpio tiou "da 
TE'dsi as uXonoirjar). To xuTioXoyio nou "da )(pr]ai[iOTioir]'dei xaxd xir]v ■KpaYM°'™''^°^^''''l unoXoyiafiuv ^ac; 
iJefieXicovExai axa E8. 5.3, 5.4. TeXoc axo E8. 5.5 ytvexai scpapfioyr] xou xuTioXoyiou axrjv xaxEu^uvar] tiou 
Exsi EniXsYSi xai napouaidCovxai xa avaXuxixd anoxsXsa^axa xwv Av. [44] xai [45]. 

5.2 H ujio'deoTj xrjq ExoTELVn^q TXTjq 

H nEiaxLxr] ei,aaYWY>l ""IC i8£ac xr](; DM eivai, o axo/o? auxy]? xr]? Evoxrjxac;. H avayxaioxrixa eLao(YWYii]c; xr]? 
'dE^EXiCjJvexai iJEuprixLxd axo E8. 5.2.1, evcl) xa TiapaxripriaLaxd ETi:L)(Eipi(]^axa y"^P" xo 'di.y.a ExxMevxai 
TiEpiXr]TTxixd axo E8. 5.2.2. Ssvdpia 8o[ir]C xr]C TiapafiExpou Tiuxv6xr]xac xai auaxaar]c xr]c DM axoXouiJouv 
axa E8. 5.2.3, 5.2.4, 5.2.5. TsXoc, [iioi TioioxLxr] Tiapouaiaar] xr]c; UTi:o(jjr](pi.6xr]xa(; nou iSa UTi:oaxr]pr])(^ei xaxd 
XT] SidpxEia xou EpeuvrjxLXoii x^y^^axoc; auxr^c; xr]? epYaatac; Sivexai axo E8. 5.2.6. 

5.2.1 AvaYxaioTTjxa zr\c, ujto'dEaifjq 

'Oncoc ava9£pi5r]X£ axo E8. 4.6.3, axo Tip6pXr][ia xr]c £TiniE86xr]xac;, rj xiiji] = 1 eivai r] tiio cpuaixi] Tiijf] tiou 
[iTiopsi va XdpEi f] TiapdfiExpoc Tiuxv6xr]xac. ETimpoa'dExa, auxr] sivai rj xi.(ar] tiou TipopXsTiEi o IIXr]'dwpia[i6c. 
napaxr]pr]aiaxd, 6[iwc r] [iovr] [iapxupia tiou UTidp^si y-a xr]v STiifiaxr] Tioaoxrjxa, xaxaypdcpExaL axir]v E^. 
(4.92) xai S'.vai tioXu tiio xaidTiXa aTio xic; deo^prfV/tec, Tipoa8ox(£c;. Fia xy] yscp'^pwar] xou )(da[iaxoc; auxoO, ex^'- 
yivei aTco8£xx7] ax'r]v £Tii,ax'r]tJovi,x-f] xoivoxrjxa t] uTcapcr] [iiac veac [iopfprjc 'TXr]c itou ovo^d^exai Sxoxeivri. 
H ovo^aaia xrjc ocpsiXexai axo 6xi ouxe exTie^TiExai ouxe aTioppocpdxai r]Xexxpo^aYvir]xLxir] axxLvopoXia axa 
yvwaxd [ir]XT] xutjaxoc; ktio auxTj. Fiauxo xai Tiapaijsvei aTiapaxr]pr]xri. 

H a\'jaTaar\ auxr]c xrjc; tJop(p7]c; uXr]c xai o xpoTioc; opYdv«ar]C x«v 8id(popwv auvsiafpopwv x'r]c; jia xr]v 
ETiixEu^r] XT]? TipopXETi6^Evr]C xi[ir]C f2 = 1 eivai avxixsiiaevo 'deupr]xixric; xai TiEipa^axixr]C speuvag. Srijaav- 
xixo axrjv xaxeuiSuvari auxr] t)a sivai r] axoijr] tiio axpi3"r|C; tjeTpr]ar] xr]? aviaoxpoTiiac; xr]? CBR tiou iJa xpivei 
x£X£ai8ixa xr]v £Yxup6xr]xa r] [iT] xou nXT]t)6jpiaxixou TcpoxuTiou. 

5.2.2 napaTT]pT]aiaxd 5s5o^sva 

Atio xr] cpiiar] xr]c, r] UTio-dEar] xr]c; DM 8ev eivai £Tii8£xxixy] Tiapaxr]pr]aiaxcl)v aTioSEi^Ewv. IlapoXr] xy] 8uaxoX[a 
(j;r]Xd(pr]air]c; xr]C DM, UTidp^ouv Tiapaxr]pr]aiax£C £v8£i^£ic tiou xaxacpdaxouv axr]v UTiap^r] xir]c;, auficpwva 
xic Av. [47], [50]. Oi paaixoxEpEC Tir]Y£C dvxXr]ar]C TiXrjpocpopicov yia xo utio s^sxaar] "dsfia Eivai oi £^r]c: 

a. H r]Xixia xou aOfiTiavxo?. TTidp/ei xutioc; (Av. [51]) a.y.£ar\c. aua/exiar]? xr]? r]Xix[a xou Eu^Tiavxoc, 
io, [ds xr]v TiapdfiExpo xou Hubble xai xic; Sidcpopec; auveiacpopsc; axir]v fl. Av yI'Q' TiapdSeiYHa, xetJei 
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h ~ 0.7, unoXoYiCe^of'- ~ 11-5 Gyr nou anaiTEi r\ Q.m % 0.3 r\ Q.m ~ 0.5, avdXoya \iz to av 
eniTpeiiETai r\ 6y\. Jpfpri ttjc A. ^aivexai, Xoltiov otl oi upopXetjiELc; yi'Q' to $1 eivai noXu avuxepEc; 
aTio Tic; Tiapaxripoii^Evec;, E^. 4.92, 4.90. 

p. H cpuTEiv6Tir]Ta oupdviuv avTixeifisvuv. H napd^ETpoc; -KUXvoxriTac; t:ou ocpeiXsTai axr] cpuTELvr] uXr] 
Tou aufiTiavTO? [inopEi vot TipoxucjjEi ano ^ETprjor] ttjc; ^eor]? Ti^r]? tou Xoyou tt]? ^d^a? Ttpoc; to cpuc; 
Sidcpopwv aoTpocpuoLxuv avxixEL^EVuv. Ta anoTeXeo^aTa tetoluv [isxpriaeuv Sivouv xa -KapotxaTU 
opia Y''°' '^'^'^ opaxi] ■Kapd^ETpo Tiuxv6Tr]Tac;: 

0.003 < n^is < 0.017. (5.1) 

To a-KOTEXso^a auxo eivai )(a[ir|X6T£po omo auxo ttjc Ec. (4.92) Tipdyf-ia ttou Sei/vel otl axo^a xai 
az ETiLTieSo papuovixV]? 6Xr]c; ^TiopEi va UTi:dip)(Ei DM. 

y. H xa^TiuXec; nspiaTpocprjC Y'^P" otTio ya^a^tec- tetoiec TiapaTr]pr]a£ic xaveic [iSTpdsi xrjv Tax^Tr]- 
xa \xz Tr]v OTioia vstpoi aEpiwv, [iixpoi Ya^a^tec ''1 o[ar]voi aaxEpoEiScov xivouvxai y^P" mt^o xdcTioiov 
YaXa^ia. 'Oticoc Eivai yvwoto aiio tt] y\i\x\ao\.axi\ $uaixr], r] Ypof[J[Ji.xi^ TOQ^UTQra nou npoxunTEi ano 
Tr]v Excppaar] tt]? papuTixr^c; zKEjf, xsvipofJoXac, EXaxxcovExai oav /r, otiou r r] aTioaTaar] 

TOU KEpiaxpEfpoiJEvou avTiXEifiEvou aTTO TO xevTpo TOU £v Xoyw jaXaiLa [jdCotc; M. Oi iTapaTr]pr]aEic 
Selxvouv oTi T) TaxuT'r]Ta TiapafJEvsi TipoasYYi-OTixd axa'depr], nou ar][iaivEi otl r] (adCot twv YOf^a^i-^v 
auTWV Sev Eivai auYXEVTpwtJsvr] oto (pcoTEivd touc; [ispr] [lovo. MdXioTa, -xia va Eivai T] TaxuTrjTa otm- 
T^Epr] "da TipsTiEi T] [jdCot tou YOf^a^'-c au^dvsTai Ypai-iSJi-xof [Je Tr]v aiioaTaar] r. MeXetec auTOU tou 
TiiTiou 8r]Xcjvouv otl to 90% Tr]C [idCac auTwv tcov yaXoLC,\.(i>M Eivai DM xaTd Tr]v Av. [46]. ExTifiT^aEic 
TT]? Av. [47] aTio ^ETpy^oEic; auToii tou tOtiou Slvouv 

nM-0.lt°;j5. (5.2) 

Aa^pdvovTac UTiocjjT] Ta SESo^sva twv E^. (4.92), (5.1) xai (5.2), ^TiopEL xavEic; va xaTaXi(]^EL OTa 
TiapaxdTU au[iTiEpda[JaTa: 

• 'Eva ar][iavTix6 Tioao Tr]c uXr]c; tou SuiJTiavTOC Eivai [ir] opaTH]. 

• 'Eva TioXO [iixpo Tioao Tr]c; DM sivai papuovi,xr|. 

• 'Eva orj^avTLXo nooo tt]? DM Eivai [ir] papuovixrj. 

5.2.3 SOaxaaT] XT]q DM 

'Eva au^dTio iJEupEiTai a^ioXoYoc; UTio(]ji(](pioc; -xia Tr]v Ep^ir]VEia tt]? aOaTaar]? tt]? DM, npEiiEi va ELvai 
acrdEvuc; aXXir]XETii8pcov xai EuoTa'dsc;, TOuXd/iaTOV va Siaf)ET£i [jaxpopiOTrjTa [iETpoufiEvr] pEpaicoc, oe 
/povouc; xoo^oXoYiXT]? xXi^axac;. Oi yisXP^ Twpa npoTEivo^Evoi UTio([jir](pioi ^nopouv va Ta^ivo^r]i5ouv 

a. T-Kocjjy^cpLoi Y^a papuovixr] DM. Oi EXTipoauTioL a\JTi]q, Tr]C xaTr]Yop[ac EXcpspovTai [iE T"r] yEvixr) ovofiaai- 
a MACHOs nou Eivai axpovu^LO tit]? Massive Compact Halo Objects. AvTLXEifiEva T:po£p)(6jaEva ano 
Tir]v aoTpocpuoixr] avr]Xouv oe auTrj Tir]v o^dSa, Xeuxol vdvoi, aoTspEc; VETpoviuv, unoXEi^aTa ^EXavuv 
onuv. 

p. Tuoi^fi'fioi yia y.r] papuovixr] DM. Oi Exnpoawnoi auTif^c Tr]c xaTr]Yopiac uposp^ovTai aiio tov [iixpo- 
xoo^o xai Ta^ivo^ouvTai otic; EE,r]c. ouvo^OTa^iEc;: 

• TTio([jir]cpioi Y^a ^Ep^r] DM (: HDM). STrjv xaTfiYopia au-r] EYxXEiuvTai ou^dTia tiou tJTiopouv va 
■dEcoprji^ouv a)(ETixiaTixd Tr]v oTiY^ir] 'TiC, aTioauv8£ar]c;, autjfpwva [ds Ta EXTEiOEVTa oto E8. 4.74. 
layupx] UTi:o(|iri9i6T"r|Ta aTr]v xaTEUiJu var] amx] unopdXouv Ta VETpivo. EvSei^eic; yia \ir] [irjSEVixsc; 
^d^Ec; Twv vETpivo TipoEpxovTai ano [iETpii^aEic; otic; TaXavTciaEic; t6)v r]XiaxCjJv xai aTfioacpEpix- 
60V VETpivo. MsTpwvTai oi SiafpopEc; TSTpaywvwv [id^ac tcov acotJaTiwv auTwv. EvaXaxTiXT] 
u-Kocli'rjfpioT'rjTa sivai auTif^ tou axion tiou T] avaYxai6Tr]Ta un:ap5r]C tou a^ETi^ETai ^lE to la^upo 
CP-np6pXr|[aa -rfi xpavTixr]c XP"M°^'-'^°'M^^^^- 
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ntvaxaq 5.1: Ta DM Sevdtpia 



Sevdopio 


Suveiacpopeq aTTjv fl 


h 












^CDM 


^HDM 


CHDM 
ACDM 


0.7 ±0.05 
0.35 ±0.1 


0.25 ±0.05 



0.05 ±0.005 
0.05 ±0.005 




0.65 ±0.5 


0.5 ±0.05 
0.65 ±0.05 


0.175 ±0.045 
0.155 ±0.065 



• TTi:o(j;ri(pi.oi -xia (jju/prj DM (: CDM). STr]v xaTir]Yopia amr] s^xkEic^VTW. ou^tXTia nou ^Tiopouv 
va 'Os«pr]'douv [ir] axexixiaxixd Tr\v axiyf-ir] Tr]c aTioaOv8sar]c, au[ifp«va [le xa ExxsiJevxa axo 
E8. 4.74. IIXr]'dcjpa UTio(]jir](pioxr]xwv UTidipxEl axr]v TispLTixwar] auxr]. Ilpoe^dipxouaa auxcjv eivat r] 
UTiocpi6xir]xa xou EXacppoxaxou TuEpou^^Expixou Su^axiou (: LSP) nou ^nopei va sivai neutrali- 
no, sneutrino, gravitino rj axino. EvaXXaxxixd oevdpLa xxi^ovxaL \ir] xonoXoYixd ooXixovLa rj 
Papid [df] iJepfiixd XEi(|)ava. 

Ilpocpavcoc, xdnoio eiSoc; DM ^nopei va ouvxMexai ano Tispiaaoxepa xou evoc; eiSouc; ou^axiuv. Sxr] 
8iaxpi,pir] ami], unoxMsxaL oxl k] CDM So^Eixai ^ovo aTio LSP, r] xauxoxrixa xou onoiou iJa xaiJopLaxEi axo 
E8. 5.5. 

5.2.4 rii'davsc; Suveiocpopec; ott)v 

Ano xr]v apxeyovr] C7)(ec7r] xr]? E^. (4.23) cpaivexai 6xi r] napd^expoc xoa^oXoYixi*]? Tiuxvoxrixac; 8o^Eixai ano 
Siio auvLaxtJCJEc;: 

a. Tir]v ocpeiXonEvr] axr]v iiuxv6xr]xa 6Xr]c fiM, onoia aO^cpcova oXec xic £v8£(c£i.c, aunnepiXafipdvEi 
XLc; E^y]? unoSiaLpECJEic;: 

• Tr]v ocpELXo^Evr] oxir]v nuxvoxrjxa papuovixrjc; uXr]? fis. 

• Tr]v ocpEiXo^Evr] axr]v iiuxv6xr]xa DM, flnM, f] onoia unoSiaipEixai nEpaixEpu as x^y^^a nou 
ocpELXExaL ae nuxv6xr]xa iJEp^y^c; DM, ^hdm xai (Jju)(py]c; DM, H^cdm- 

Eu^nEpao^axixd, ^nopEi va ypacftsi y] napaxdxu: 

JIm = + ^DM OnOU ficM = ^HDM + ^CDM- (5-3) 

p. TrjV 09£iX6jiEvr] oxr] xoafioXoyixri axa-dEpd, Oa- 

5.2.5 Ta CDM Ssvdpia 

Tndpxouv 8uo paaixd oEvdpta SiEuiJExriaric xcov Stdcpopuv ouvELocpopwv xr]c fl, waxE T] npoxunxouoa xi^rj va 
Eivai, autjpaxri [je nX"r|t>wpiaxixir] npoyvwar] (SI = 1). Auxd napouaidCovxai auyxEvxpcoxixd axo auyxprnxo 
n[vaxa 5.1 xai napaxdxw SivovxaL xa paaixd xou? xapaxT'npi-OTi.xd X'*^?^? e^^ovV] axa nE8[a anpoaStopLaxiac;: 

a. To HCDM SEvdpLO. Su^cpuva ^e xo aEvdpio auxo, ol auvEiacpopE? axrjv fl SiEU^Exouvxai uc; E^rjc;: 

Hb — 0.1, ^CDM — 0.7, flHDM — 0.2 

To aEvdpLO auxo, Av. [48], E)(Ei xa s^i\c. )(apaxxr]pi.axixd: 

• H avr]Y[i£vr] napd^Expoc; Hubble, Xa^pdvExaL axa xafirjXoxEpa EnixpEnxd opid xr]?, h ~ 0.5. 



5.2 H uno'dearj zrjc; ExozeLvrjc 'TX-qz 
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• Aev ETiiTpETiETai auvEiacpopd ano tov opo nou ocpsiXsTai axr] A. 

• H XEVxpLXT] Ti^r] yi-Oi ti^v snifiaxr] TioaoTrjTa sivai: Ocdm — 0.175 

• H i9ep^1(] auvLaTtbaa tt^q CDM, [iTiopsi va auvlaTaxaL ano EXacppd EXcpuXiafisva vexpivo, TipdyM^' 
■Kou ELvai au^paxo [je tic; TaXavxcoaEic t«v ax^oacpEpixtov xaL r]Xiaxcov vExpivo \iiaa axa likaiaia 
Evoc UTiEpau^i^iExpixoO TiXir]'dupLaTixoO TipoxiiTiou aii^cpuva ^ie xi]v Av. [52]. 

p. To ACDM SEvdpLO. Eii^cpuva ^e to aEvdpio auTO ol auvELOcpopEc; axr\v Vt SiEUiJEToOvTaL uc; E^y^c;: 

1)5-0.05, ncDM^Q-2>, n^^Q-Qh 
To oEvdpio auTO, Av. [53], iyzi xapaxTr]pioTLxd: 

• H avr]YlJ£vr] TiapdjiETpoc; Hubble, Xa^pdvETai axa U(Jjr]X6TEpa EniTpEHTdi opid tt]?, h ~ 0.65. 

• Aev TipopXETiETai auvEiacpopd ano tt] ^Ep^V] auvLaTtbaa tk]? CDM. Eno^Evuc;, to aEvdpio ELvai 
ou^PaTO [iE lEpdpxrjor] otlc; ^mCe? tuv vETpivo, auficpwva [as Tr]v Av. [54]. 

• H XEVTpix)] Tiijf] Tif]v ETiifiax^ TioaoTrjTa Eivai: Q-cdm h"^ — 0.155. 

• Eivai ouvETiEc; ^e TipoacpaTEi; ^ETpr]aEic; TT]? ^EydXr]? unEpu^pr]? ^ETaTOTiLorjc; otov UTiEpxaivocpavr] 
tOtiou la (Av. [55]), oi otiolec; ^la'xvcxtaxoxjv ETZixa'xx'^'^oy.Evr] SiaaToXv] tou aO^navToc;, ■KpdiYM°' 
■KOU auvETidyETai oti [Jia unoXoyiaifir] auvEiafpopd aTr]v fi "da ocpEiXsTai aTrjv A, [je axETixd 
EXaTTW^Evr] auvEiacpopd aTio tk] f^M, onuc; EnipEpaLUVETaL ano Ta avaYpacpo^Eva otov Ilivaxa 
4.1. Auto amaivzi otl to ou^nav EioEp/ETOtL oe ^la VEa cpdor] ■KXrj'dupio^ou, onou r] A y''*'^'- 
xupiapxr], OTiOTE r] oXoxXr]pcoar] tou PioXoyixou xuxXou tou aufinavTOc; e/el ap/ioEi. BEpaiuc;, 
■KoXXd ano Ta aToi)(Eia twv TiapQ(Tr]pi']aEWv xpi'l^ouv 8io(aafpY]v[aE«v. 

'EXeyxoc; t«v aEvapiwv auTwv, Y^vsTai [je auyxpiar] tou (pdaiJaToc; twv 8i.axu[iavaE«v nuxvoTriTac; (Sp/p) 
■KOU TiapExouv [iE auTO nou ■npoxu^jiTEi aTio Tic; tJETprjOEic ttic, aviooTpoTiiac Tr]c CBR aO^cpova [je Tr]v Av. [49]. 
Eu^^KEpaivETai otl xai tm 8uo Eivai E^iaou otoSextec; Ep[ir]VEiEC Y''°' '^f] auvdEor] tt]? xoa[iixr]C Sofii^ic;. 

EuiJKEpaaijaTixd, UTio^JsTCOVTac; oti T] CDM auvTii^ETai £^oXoxXij]pou ano sva auaTaTixo, to LSP, as oXr] 
Tr]v EXTaar] Tr]C SiaTpipii^c auTif^c "da Xr]9t>ouv Ta TiapaxdTW opia (Av. [44], [53]) nou Eivai aufiPaTd xai [le Ta 
86o oEvdpLa ■kou EXTE^r]xav: 

0.09 < Olsp/i^ < 0.22. (5.4) 
5.2.6 H UTtocldfjcpioTTjxa xou LSP 

AvdfiEoa oTOUc; Sidcpopouc; UK:o(jcr](piouc jia axoTtivx] uXr], o nio Stdoirijioc; xai, noXXd unoaxofiEvoc; Eivai to 
LSP. Mia TTOioTixifi TispiYpafp-f] tou aEvapiou tiou xaXoO(aaaT£ va uXoTioii^aoutJE, 'da ETiixEipri'dEi ae auxr] ti^v 
TiapdYpacpo, axoXouiJcjVTac; Tr]v Av. [56]. Baai^ETai aTr]v UTiap^r] Evoe; aw^aTiou ^e tic; TiapaxdTW i8i6Tr]TEc;: 

• EXacppoTaTO. Me tt] auvOif^xr] auTT] E^aafpaXi^ETai oti [is to Siapa tou xpovou, oXa Ta a«[idTia tou 
MSSM "da 8iaanaaT0uv oe LSP Xc^pK auTO va iJnopEi va SiaanaaTEi oe dXXa awiadTia tou MSSM. 

• EuoTaiJEc;. Aev ^nopEi va SiaanaoTEi aTio [jovo tou oe au^dTia tou SM. EYYur]ar] yia auTii^v Tr]v u- 
KO^EO'T) jiTiopEi va anoTEXECJEi T] uioiJETriar] Tr]C iaoTi[iiac-iZ ■kou Kapapid^ETai as SiaSixaaiEc; Sidanaar]? 
evoc; sparticle oe ou^dTia a^iYuc; tou SM, okuc; s^rf^ziTai oto E8. 2.3.28. 

• Aa^Evtbc; aXXr]X£7ii8p6v. Oi SiaSixaoisc aXXr]XoxaTaaTpo(py]c; ■kou EXXaTtJvouv Tr]v apiiJ^riTLxy] kuxvo- 
Tr]Ta TOU au^aTLOu Y^vovTai koXu apYd. 

Ev apxT], uth^ipxe to tiuxvo xai •dsp[d6 Sufi^Kav. To LSP PpiaxoTav oe 0AI ^e Ta dXXa ou^dTia tou 
xoo^ixou pEuoTOU aXXrjXETiiSpwvTac; \ia.Z,i touc [ds a[icpi8po[iEC avTiSpdoEic;: 

LSP + LSP O X + y (5.5) 

otic; otto'.ec; 7?-iaoTi[i[a 8iaTr]pouvTav. Ee auTEc tic "dEpfioxpaaiEc, to LSP r]Tav sva laxupd oxetixiotixo 
a«[idTio ^lE Tiuxv6Tr]Ta apnJ^oO va SivETai ano Tr]v E^. (4.53). Kai^tJc; to SO^nav (jjuxETai, r\ i5EptJoxpaaia 
TipooSEUTixd EXaTTUVETai xai xdnoia otiyht] nEcpTEi xdTU ano tt] \ia.Z,a tou LSP, o^kote r] Tiuxv6Tr]Ta apit>[aou 
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Tuv LSP ap)(i(l£i va (piJivsi exdsxixa, pdor] ttjc E^. (4.59). Oi ajicpiSpofiec avTiSpdoeic ttjc E^. (5.5) 
^ETaxpE-KOVTaL oe ^ovoSpo^Ec; xaxaoTpocpixec;. E-KOHTLxd xa Tipor]You[iEva ouvocjji^ovTai oTr]v etio^evt]: 



Av xa 8E8o[i£va xou oEvapiou ffzav auxd, to LSP -da oXoxXr]p«vE to ^«tix6 tou xuxXo apy^vovTac apyd 
uno Tr]v EnippoLa tou ■Kap6iY0'»'''^°( tt]? MBS [isaa oto xoo^lxo XouTpo. And to aay]y.o auTO teXoc;, to LSP 
ou^ETaL Yi-ot Suo Xoyouc;: 

• EivaL acydEvtbc; aXXrjXETiLSpov au^diTLO, otiote ol avTiSpdaEic; xaTaaTpocpy^c; oi otiolec; to cp^ELpouv upay- 
^aTonoioOvTaL tioXO apyd. 

• Kdnoia aTiYf-iH] SpanETSUsi and to xoafiixo XouTpo. Auto ytvETai OTav r] ouvdir]xr] a-KOouvSEorjc;, E^. 
(4.74) a-KOxaTaoTa^Ei, oe iJEp^oxpdaia Tp, otiou (m^/Tp ~ 25). 

METd ano Tr]v nEpmETEta auTT], r) apLiJ^riTLxy] TiuxvoTriTa tuv LSP apjjX,^!- va cp^LVEi noXii tilo apyd {n^ ~ 
1/R^). EtiltiXeov T] uno^Ear] EUOTd^Etdc; tou, to xa'diaxa avi)EXTix6 oto TiEpacy^a tuv aitbvuv. ^u/p6 
xai. axoTEivo, onuc Eivai, Tispvd aTiapaTir]pr]TO. Av [jdXiaxa, x] CRD tuv anoXi'dcofidTCOv tou [dTMpei va 
ETiaXir]^EUoEi Ta CDM xoo^oXoyixd opta, tote to LSP yLVSTai, evac; ETiiTU)(r]C CDM UTio(jir](pioc. Auto, ofiwc; 
8ev EivaL ndvTa eXeyxo^evo xai [iiiopEi EuxoXa rj U7io(];r](pi.6TriTa va anopEi aTEXsacpopr], elte xiaxi UTiEpTirjSd 
ELTE ■xicczi 8ev ■KpoaEYY^Cei. to CDM xoa^oXoYixd opia. 

Hio auvapTiaoTLXo Y^vETaL to oEvdpio, av to LSP anoxTV^aEi auvEpYO (y] xaL auvEpYoiic;) aTr]v ETiixE[pr]ar] 
anoSpaar]? tou ano to xoo^ixo XouTpo. To poXo auTO xaXEiTaL va StaSpafidTLOEi. to NLSP. MdXtoTa, r] 
oufi^ETO/rj TOU YWETai npuTaYuvLCTTixri, av auTO 8Lai)ETEi ouYYEVEia [j.6Z,ac, tjE to LSP, av SrjXaSir] r] ^d^a 
TOU rriNLSP Eivai nEpiTiou lor] [ds Tr]v rriLSP- H 8paaTr]pi6Tir]Ta tou NLSP ECEXiaoETai, oe 8uo oTdSia: 

• EuvELOcpEpEi OTr]v avTaXXaYV] apLiJ^ou aw^aTL8[uv avd^Eoa OTa ou^dTia tou SM xai tou MSSM [liac^ 
StaSLxaoLuv tou tuhou: 



OTIOU Ta X, Y Eivai a«[idTia tou SM. Oi SiaSixaalsc auxsc; autjSaivouv au^vd oe iSspfJoxpaoiEc T Ty, 
Slotl t] axTiva avTiSpaor]? Eivai avdXoYrj [Jiac 8uva[ir]c tou napdYOVTa Tr\Q MBS cxp(— mLSp/Tp) — 
exp(— 25) y^a ttilsp — ^^^nlsp (ta KEpioooTSpa X, Y Eivai o)(ETi,xioTi,xd oe 'iL>£p[aoxpaoiEc; T ~ Tp). 
AvTiiOETa 01 xaTaoTpocpsc; LSP-LSP au[j3a[vouv XiYOTspo ou^vd, afpoO t] axTiva avT[8paor]C Eivai 
avdXoYT] 86o Suvd^Ewv tou lSlou cpdxTopa. Oi aXX"r)X£TC(.8pdoEi.c tou tutiou xTf E^. (5.7) 8iaTr]po6v 
oxETixri loopponia avd^Eoa oto LSP xaL oto NLSP yia apxETO x96\o [iETd tt]v aTioSpaoT] oXuv tuv 
MSSM ou^aTLSiuv ano to xoo^lxo pEuoTO. 

• SuvELocpspEi oTr]v e^eXl^t] Tr]? ag\.'Q]j.r\TVKi\Q TiuxvoTriTac; tuv LSP ^eou tuv StaSLxaoLuv ouyy^vlxit]? 
xaTaoTpocpy]? (: CAE): 



HpooSEUTixd oXa Ta NLSP, NLSP^*^ iJa SiaonaoTOUv oe LSP (ouv ocofidTia tou SM). H or][iEpivr] apnJiariTixr] 
Tiuxv6Tr]Ta twv LSP PpioxETai [sz XOot] TVf, zc,iai^ar\z Boltzmann. Auto "da Eivai "dsfia TVfi ETi6[iEvr]C napa- 
Ypdfpou. Mia TipoyEua'r] tou aTcoTsXEoiJaToc; tJTiopei va So^el oto oti^ielo auTO axoXouiOcovTac Tr]v Av. [57]. 
KsvTpixo poXo oTrjV eceXict] ttjc apit>[jr]Tixr]C TiuxvoTrjTac; tuv LSP, Tiai^Ei r\ Spwoa EVEpYoc SiaTO^r]: 




(5.6) 



LSP + X o NLSP + y. 



(5.7) 



LSP + NLSP(*) o X + y xaL NLSP + NLSP^*' ^ X + Y. 



(5.8) 



(Teff ~ O 



(LSP - LSP) + gNLSPcr(LSP - NLSP) + (gNLSp)^ (t(NLSP - NLSP^*'). 



(5.9) 




'NLSP"^LSP/^ 



(5.10) 



EnoiJEvwc, puiJ^ioTLXo poXo oTr]v EVTaor] tuv CAE nai^Ei r\ ayzTV>d\ Siacpopd ^d^ac; tuv Siio ■KpuTaYWvioTtJv 
TOU oEvapLou: 

^NLSP = {rriNLSP - mLSp)/mLSP (5.11) 



5.3 Evanoijevouaa UuxvoTrjTa ztDV LSP 
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xai pePaiCiLx;, oi s\nO\£x6[d£vsc, svepysc Siaxo^ec; twv CAE. 'flaxE, f] auvepysia tou NLSP oTr]v aTioSpaor] 
Tou LSP aizo TO xoafiixo peuoxo eivai SpaoTLxr], oxav lo/uouv oi e^r]? ouvdrixsc (Av. [57]): 

Anlsp « 1 xai cr(LSP - NLSP) + (t(NLSP - NLSP(*)) >cr(LSP- LSP). (5.12) 

AuaxripoTEpr] [ia^r][iaTixy] ETie^Epyaoia xai ETiexTaar] xcov evvoicov tiou £ia-f]xi5i^xav svteXcoc; nEpiYpacpixd 
aTr\v Tiapdypacpo auTi*] ytvExaL axo E8. 5.3. To ■KXeovexTrjtia jiiac Tsxoiac Txpoxaxapxxixric Tiapoua[aar]C 
Eivai T] anocpuyrj e^nXoxr]? oe ^aTJiri^aTLxd xaxaoxEudo^aTa tiou ^epixec; cpopsc; ouvteivouv oTr]v anuXeLa 
TOU vrj^axoc;. 

5.3 EvaTio^evouoa IluxvoTrjTa xtov LSP 

H i5£[a£Xi«ar] xou paaixoO xunoXoyiou nou )(pr]ai[iOTioi,£ixai yia xov UTioXoyiafio xr]C svairoijsvouaac; ttuxvoxt]- 
xac (: CRD) x«v LSP eivai o axoitoc; auxr]c xr]C svoxrjxac. Sxo E8. 5.3.1 napouaidCexai rj paaiXT] eciowar] 
Tiou SiETTSi TO T:p6pXr][ia. AxoXout>e(xai, rj TipoasyYior] xcov auYYPQ'9Ewv xr]C Av. [58], axr]v oTio[a ELaayo'''™!' 
Yia upwxr] cpopd oi CAE. Aajipdvsxai, ETiiarjC, UTi6(jir] r] ava-xaiviar] xou (popfiaXio^ou tzou zmyzipridrixs axir]v 
Av. [59]. Sxo E8. 5.3.2 eiadY^™!' 1*1 svvoia xr]C Spwaac svepYou Siaxo^rjC xai oxo E8. 5.3.3 avaSsixvusxai 
X] E^iauor] Tiou napexei xr] ^ep^oxpaoia (jju^r]? xou LSP. Mia eu)(pir]oxir] xeXixt] Xuor] enixuYxdvexai oxo E8. 
5.3.5. 

5.3.1 H s^iatooT] Boltzmann 

©swpoutjs xr]v aXXr]Xoxaxaaxpo(pr] unepautjtJETpixwv atjiaaxiuv Xi = l)---!-^0 [-'s [jd^Ec; rrii, SiaxE- 
xaYf-isvEc; ok SC^IC rrii < m2 < • • • < wat-i < toat xof- eowTSpixouc paiJfiouc eXeu'dspiac; (axaxiaxixd pdpr]) 
gj. Hpoc; aTiofpUY'/^ ouyx'^ctewCi £Ti:Lar]Ha[v£xaL oxi y''°' '^'^ ^id^a xou LSP ^a )(pr]ai^oTioiE[xai xo au^poXo mi 
as oXy] XT) Sidpxeia xr]c TiapoOaac; Ev6xr]xac; 5.3. 

H E^sXici apii5[ir]xixi(]c; Tiuxv6xr]xac; n, xou au^axiou i Sivexai ano xr]v e^iauar] Boltzmann nou 
pdoT] xr]v Av. [36], Ypdcpsxai: 

dn- ^ 

- E [r^^- ("^ - - {^i - nf) ] . (5.13) 

O npcjjxoc; opoc; axo SsiixEpo \xzkoc, ocpeiXExai axr] SiaaxoXv] xou aO^navxoc;, o SeOxEpo? nepiYpdcpei xic; 
aXXrjXoxaxaaxpocpEc; xai xic; auYYEvixec; xaxaaxpocpec; XiXji "^'^'^ otioluv k] oXixV] EvepYoc; Siaxo^V] Eivai: 

xpixoc; opoc; nepiYpdcpEi xic; ^ExaXXaYe? Xi ~^ Xj e^" Q't^o ""^o xoo^ixo UTiopa^po, EvepYE? Siaxo^ec;: 

^'xij = E'^fe^^*^^) (5.15) 

Y 

xeXeuxaioc; opoc; ou^TiepiXa^pdvEi xic; SiaoTidoEic; xuv Xi axxivec; 8idoTi:aoir]c;: 

^iJ = J2^{Xi^XjX). (5.16) 

X 

Sxic; TiporiYoutjevsc; sxfppdasic;, X xai Y eivai awtjdxia (■/] auvoXa aTio awtjdxia) xou SM tiou [jsxexouv axic 
SiaSixaaiEc;, Vij eivai r] axsxix-f] xaxuxr]xa x«v i xai j xai np r\ apii}^r]xixr] Tiuxv6xr]xa xwv aw^axiwv 'tou 
Xa^pdvexai ano xir]v E^. (4.59) acpou as iJep^oxpaoiEc; T < rrii xa ou^axia Xi unoxEivxai as MBS. 
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Kavovixd, oi SiaandaeLc; oXwv twv ow^axiwv, Xi * l (0(906 to 1 "dEcopriiJrixe euaxa'dsc,) ywovxaL 
YpriYopoTEpa ooio Tr]v r]Xixia tou ou^navTOc;. Euvenuc;, E/ovxac; uno'dEoei. 8i.aTripr]ar] ttjc; J?-parity, oXa auxd 
xa awtJcxTia SiaaTiwvTai, aTo LSP Xoyw t«v 8ia8ixaaicov Tr]c E^. (5.16) . ETio[isv«c, y] xsXixr] apii5nr]TLXi(] 
Tiuxv6Tr]Ta tou LSP "da s^apTdxaL ano to d'dpoiana twv TiuxvoTyiTWv oXwv twv aw^axiuv tou MSSM, 



AT 



n = rij. (5-17) 

Fta TO n Xa^pdvETaL r] ETio^Evr] e^iauar] E^eXL^r]?: 

(in ■'^ 

— = -3Hn - ^ (cTii^^ij) {niUj - n^'^n^'^) (5.18) 

onou OL opol OTT] SsOTEpT] xai TpiTT] Ypo'MM''l ''^''1'^ -^5- (5-13) aXXrikohiajpa.(fovTai a^poi^ofievoi. Eho^evuc;, 
OL hoLhxoLaisz oTLc; E^. (5.15), (5.16), 8ev auvELacpspouv aTr]v ecsXt^r] Tr]? api'd^r]Tixy]c; Ti:uxv6Tr]Tac; tou LSP. 

5.3.2 Aptoaa Evspyoq Aiaxo^n^ 

H svvoia TTjc; Spwaac; svepyoO 8i,aT0tJr|C; auvTSivsi ae a"r]tJavTixr] aTiXonoiriar] Tr]C s5ia«ar]C Boltzmann xai 
^ac; utJel ae Tiopeia teXixv^c; XOar]? tk]?. Eir]HavTix6 poXo oto ar\\J.eio auTO nai^ouv oi 8La8Lxaa[£c; tk]? 
E^. (5.15). Aoyw tuv SLaSLxaoLuv auTUV, oXa Ta eXacppwc papuTspa aizo to LSP ou^dTia tou MSSM 
8i,aTy]pouvTai as a/ETixr] 0AI [is to LSP jia apxsTO xpovo [iSTd Trjv a7ioauv8Ear] tou LSP aiio to xoafiixo 
peuaTO. DoaoTixd aXXd TipoasyYi'OTixd sx(^pa.Z,6\isvoi, enixaXou^evoi Tr]v E^. (4.59) "Xict xa Xi '^^Q E^. 
(4.50), (4.53) yia xa X, STiiTUYXotvoujie: 

aijUiUj ~ T2mf^my^ffye-('"'+™^')/^, (5.19) 
a'^.^mnx ~ T^'/^m^/^a^.^.e-™-/^, (5.20) 
OTiOTE nx/nj ~ (T/mj)^/^e-™^/^ ~ lO'' (5.21) 

uno'dsTWVTac; oti oi (T,j, crjftj eivai 8pa[iaTixd 8iafpop£TiX£c;. Afpou t7]v ftspfioxpaaia aTioa6v8sar]c; 
Tr]v eXeyxouv oi 8ia8ixaai£c aTr]v E^. (5.14) eniTpeiieTOd, va unoiJeaou^s oti oi XoyoL twv apii5^r]Tixwv 
TiuxvoTir]TUV LaouvTaL Touc; avTLaTOi/ouc; as 0AL 

AvTLxa^LaTUVTac aTr]v E^. (5.22), XafipdvsTai x] xaxa noXu ajiXouaTspr] sxc^paax] 

nfl 

_ = -^Hn - (aesv) (n^ - ^1)2) (5.23) 
ano Tr]v oTioLa o opiafioc Tr]c 8pa)aac evspyou 8iaT0[ir]c ava8(JETai, aui56p[ir]Ta 

o'effi' = ^crjjWyrj(a;)rj(a;) , (5.24) 

[le Ta vsa poXtxd au^poXa ri{x) opiCofieva coc s^ric;: 

eq 

n 

nix) := (5.25) 



xaL UTioXoyiSlo^eva xo[i(jjd ano ttjv ETi6tjevr|: 



ail + A-l^/^e^^-^ 
ri(a;) = — [iz x = mi/T. (5.26) 

9e« 



5.3 Evanoijevouaa UuxvoTrjTa ztDV LSP 
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STr]v E^.(5.26) £)(ouv siaayjiei xa ou^poXa Tr]C a)(£Tixr]C Siacpopd? \jiaZ,ac„ 

Ai = (rrii - mi)/mi (5-27) 

xai Tou SptJVTOc; aTaTLaxixoO pdpouc;, 

ffefF(a;) = ^ + A,)=^/2e-^^^ (5.28) 

H anoSsi^T] Tr]C £U)(priaTr]C Ec.(5.26) jivE-ai avTixa-diaTCOVTac aTr]v Ec.(5.25) xic £X9pd(o£ic y''°' ''^'■C 
■KUXv6Tr]TEc; apLiJ^oO awfiaxiwv ae xaTdoxaor] laopponiac axo xoa^ixo pEuaxo nou ESpd^ovxaL axf] [if] ajSTix- 
laxLxy] ^lpoaEYY'•''l^■ Eho^evuc;, Yi-ot xdiJe au^dxio i, layitei: 

nT{x) = ^^rnf m?/^a:-«/2e— (5.29) 
xai SLaiptbvxac; [i£ xr)v avxiaxoix/j £X(ppaar] Yi'Oi to aw^idxio avmpopdc; 1, XafipdvExat: 

n{^{x) gi mi 

nr(a:) = ^^^(1 + Aif/^e-^^^mlx-'/'e-- (5.30) 
AiOpoiCovxac XLC E^. (5.30), Xa^pdv£xai x] Tiuxv6xr]xa apit)[iou oXuv xuv ou^axiuv: 

"''''(^) = ^^m?x-^/2e- (5.31) 

OTioxE SiaLpuvxac; xir]v E^. (5.30) xir]v E^. (5.31), enixuYxdvexai r] anoSEixxEa E^. (5.26). 

5.3.3 ©ep^oxpaaia ATCOouv5eoT)<; xtov LSP 

H 'dEp^oxpaoia aTioouvSEorjc; (r] (Jju^r]?, acpou TipoxEixai yia '^'OXP^ ano^sivdpia) xwv LSP, Tp opi(lexai uc; 
EXEivr] axr]v oTioLa xa LSP ajio^axpOvovxai ajio xr] xoa^ixo peuaxo. Sxr] auvdy^xr] aTioSEiia^ear]?, E^. (4.74) 

r(a;F) — i?(a;F) onou x-p=milT-p (5.32) 

avxixaiJioxavxaL : 

• H opiaxLxy] Excppaar] xr]? axxLvac; aXXr]XeTii8paar]c;, E^. (4.73) tiou TiatpvEi xr] ^lopcpV]: 

r(a;F) = rf'^{xY){cT^sv){xY), (5.33) 
onou r] apit)[jr]Tixr] T:uxv6xr]xa xwv LSP oxr]v 0AI Ppioxexai scpapfio^ovxac; xr]v E^. (4.59): 

"'^''(^f) = -j^m\x-"\--. (5.34) 

• H napdfiExpoc Hubble, nou yia Eva xupLap/ou^Evo ano axxivopoXia ou^nav, YP^fpExai ouvSud^ovxac; 
xic; E^. (4.76) xw. (4.65): 

rj, s [Sttprd „ r^gV^ ml 
H xaxdXr]Cr] xcov avxixaxaaxdaswv xaxaYpdcpsxai aSpd axic napaxdxw Ypoi^usc: 



^/45 Mp F 



mia;p' e ^((Teffi')(a;F) (5.36) 



_ , 0.0382435 geff(a;F) Mp mi {cTe«v){xY) 
xf - m 1/2 1/2 ■ l.ti.d/'J 

5* ^F 

H xsXixr] E^iawar] [inopEi va XutJs'. api,t)tjr]Ti,xd. Oi xitJEc; nou ETUxuYX^vovxai Y'-Of ~"1 i^EplJoxpaaia anoSsa- 
^Euar]? ELvai xr]? xd^r]? mi/25 xai etiohevw?, r] t-ir] axExiXLaxixV] TipoasYYi-CJi'l ti:ou ETi:LX£X'dr]XE axr]v E5.(5.26) 
EivaL xouXd/Loxov auxoouvE-Krjc;. 
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5.3.4 TlpoGzyyiGxiycri XuaT] ty)<; Boltzmann 

H ETiiTEU^r] Tipoa£YYiaTiKfiQ Xuor]C aTiaixsi xov avaayjiy-O'-Ti.ay.o tk]? ^opcpif^c; tt]? e^iawar]? Boltzmann, E^. 
(5.23), (xtoTE ac, ave^dipTr]Tr] [isxapXii^Tr] va tetJel y] 'dspfioxpaaiot. Me otuxov uc; antOTEpo axono, opL^ETai: 

T) 

Y = - (5.38) 

s 

QUOTE T] 8iaTir]pr]oir] XT]? Evxponiac; ^(s(T)J?^) = ouvEndYETaL 8uo vee? e^louoelc;: 

• Mia nou ouvSeel tt] vsa Tiapd^ETpo ^e Tir]v xpEXouoa Tiuxv6Tir]T0( apii9^o6 ou^axiuv 

— (-i?3) =0^n + 3iJn = sy (5.39) 

Me pdor] Tir]v TiporjYou^Evr] r] E^. (5.23) ymopsi va yP°'9S'- '^''^^ nopcpr]: 

y = -s(aeff«) {Y^ - Yl) . (5.40) 

• Mia nou E^aocpaXi(lEi Tr]v EioaYCiL)Y''l "dEp^oxpaaiac aTr]v aXXrjXou/ia twv e^iowoewv 



J?s'(T)' 

Ex^ExaXEUo^Evoi auTH] tt] SEUxEpr] ouvsTiEia tt]? loEvxpoTiixr]? xoo^ixr]? SiaoxoXr]?, 



(5.41) 



Y = ^!t = = SH^^m. (5 42) 

dx dt dx T dx s'{T) ^ ' ' 

SuvSud^ovxac; xa TiporiYoiinEva XEXTr]HEva, ETHTUYXotvETai 

Ee eva auijiiav xupiap)(ou[j£vo ano axxivoBoXia, la/uouv oi E^. (4.76) xai (4.66) otiote avTLxa^LOTUVxac; 
TT] Tioa6Tr]Ta s' /3H, -f] Ec- (5.43) teXixoc YpdfpE'Ofi-: 

Metcx Tr]v anoSEo^Euor] tuv LSP, T] xpEXOuoa TiuxvoTrjTa apiiJ^ou ow^axiwv Eivai au^rj^Evr] aE o-^sar] [ds 
ami] nou Eivai oe loopponia r] onoia yI'Q' T >> mi cpiJivEi. xa/Euc; Xoy" tou extJetlxou -kou ocpEiXExai oTr]v 
MBS. Etio^evuc;, r] ^^:poaEYYl■CJl^ 

- (n'^f ^n^^Y^- {Ye,f ~ Y^ 

Eivai xaXd aLTLoXoYr]^Evr]. E-Kiorjc;, Xa^pdvExai to va Eivai -KpaxTixd oxa^Epo oTir]v tl^it] -kou a-KOXxd tt] 
axiYf-ir] TTjc aKo8£a[j£uar|c;. Ot:6te T] oXoxXripuar] TrjC E^. (5.44) ano xp [isxpi- a:o = nii/To — oo otiou 
To Eivai x] amepiv-f] "dEpfioxpaaia twv cpuxoviuv oto ou^nav, xaiJioTaTai sva xExpi^^Evo EYX£^pi'lM°' 
anoTEXECJ^a Tr]v arjUEpivi/] tl^i/] tou Xoyou = 5:^(oo), nou Eivai: 

Yo = - (^^gl^^miMpx^' Jeff^ , (5.45) 

oTiou xpiT^i[iOTioir]'dr]XE t] ■Kpoasyy\.ari y(oo) — Y{xf) ~ y(oo) (xai ndXi Xoy" Tr]c MBS) xai opiaTr]XE r] 
Tioo6Tir]Ta: 

/•oo 

Jeff := XF / ((Teffw)a;"^(ia; , (5.46) 



T] xP''l'^'-l-'o~''l~°' '^'^'^ OTioiac (paivExai oTr]v apii5^r]Tixr] EiiE^EpYaoia tuv anoxEXEo^dTUV. 
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5.3.5 TuTLoq TTLoXoYia^ou ttqc; CRD xtov LSP 

kv.6 Tov opiatjo TK]? Tiapa^Expou TiuxvoTT^Tac;, aTir]v E^. (4.23) xai xr\c, ^oT^i]T\.xr\c, TioaoxiYiac, Y axi]\) E^. 
(5.38), XajipdvexaL: 

^LSP = Pio/Pco Pio=?niso5^o (5.47) 
OTiou )(pr]ai[iOTioiii^i5r]X£ upocpavtoc r] E^. (4.60). Avxixa'diaTWVTac; tic ar][i£piv£c xifiEc; yia Tr]v xpiaifiY] 
■KUXv6Tr]Ta, pco ''^''1^ Tiuxv6Tr]Ta evxponiac; sq qcko tic; E^. (4.87), (4.91) xai, to aTioTekeay.a yia to Yq ano 
Tr]v E^. (5.45), npox6nTE\. r\ teXlxi/] Excppaar]: 

^ ,2 1.06647 X 10" 

fJiSP /i - (5.48) 

gj {xf) Mp X-p JefF 

Fia Eva Tunixo LSP [jdCotc; 200 GeV xai yi^a a^p — 20, upoxOnTEL otl mt, <Ty < Mw, otiote ano tov Ilivaxa 
4.2 auvdyETai oti g^ixp) — 86.25 t:ou avTioToixEi oe xpovo tp ~ 2.6 x 10^^ sec, [iEaw Tr]<; E^. (4.77). 

H anXfi E^. (5.48) tiou ETiiTEUX-driXE 8ev tikuei va Eivai TipooEYYi-OTixr] xai lo/uel ^e ^ta axpCpEta TiEpiTiou 
5% OTiuc; lo/upiCovTaL oi e^tiveuotec; ttjc; oTr]v Av. [36] 



5.4 Ms'OoSoq ujioXoylo^oO xirjc; (cTijVij) 



(pop^aXio^oc; nou avaTiT6)('dir]XE oTir]v -KporiYou^Evr] ■Kapdypo'^o iJa anEpaivE avEVEpyoc;, av 8ev ouv- 
oSEUOTav [ds Evav aTiOTEXsafiaTixo xai £U)(pr]aTO aXyopiiJfio unoXoyiafiou Tr]c TioaoTir]TCOv < (JijVij > nou 
^a ^nopoOaE va Ecpap^ooTSi aE ^i,a TiXT]i9t!)pa 8i,a8i,xaa[cjv EuYY£vixir]c KaTaaTpocpif^c;, xaTd pdar]. TtioPo- 
r]^r]Tix6 aTOL)(Eio aTr]v xaTEii^uvar] auTi/] ELvai T] )(a^r]Xi(] ^Epfioxpaaia anoaOvSEarjc; tuv LSP nou ehitpehei 
Tr]v avdTiTU^r] ttjc; Tioo6Tir]Tac; o-,jWjj as Suvd^ELc; ttjc; uc; eE^fiz: 

avij = aij + bijVij H (5.49) 

H avdiiTU^T] auTT^ pEpaiwc SieuxoXuvei xai Tr]v EOpsar] Tr]c "dEpfiixii^c [i£ar]c xifirjc Tr]c ETii[iaxr]c Tioa6T-r]Ta(;. 
Etio^evwc;, to TipopXTina ^STaTi^ETai aTT]v avdSsi^r] ^eiJoSou E^aywyi'^t; twv auvTEXEOTtov a,j xai Es 
auTO TO T^E^a Eivai acpiEpu^Evr] y] etio^evt] UTiOTiapdypacpoc;. Stt] ^EiJETio^Evir], E^dyETai r] TJEp^ixir] ^eot] tl^it]. 

Xdpiv anXoTrjTac, xaTa tx] SiapxEia 'dE[iEXicoar]c Tr]c [iEiOoSou, "da aiioaupiJouv oi Seixtec ano Tr]v Evspyo 
SiaTO^r] (7ij, Tr]v Ta)(UTr]Ta xai otouc ouvteXeotec; a,j xai fojj. EvvoEiTai cpuoixd, otl Ta anoTEXEo^aTa 
)(pr]ai^oTioio6vTaL -xia xMs SiaSixaaia aXXr]XoxaTaaTpo(pi(]c; i\ auYYEvixy^c; xaTaoTpocpy^c; au^aTiuv, ^e opia- 
\divec, apxiXEc xai teXixec xaTaaTdasig. Oi auvTsXEOTEc xai bij upoxOnTouv ^e cjuvutioXoyioho oXuv 
Twv SiaSixaaicjv nou avTioToixoOv axic, iSiEc; ap^ixsc; xaTaoTdasic; ij. 

5.4.1 AvdcTtTU^T] TOU aVj-el Oe Suvd^Eiq XOU Wrel 

AxoXouiOEiTai T] [JEiJoSoc; t:ou avanTuaoETai ano to J. Wells aTr]v Av. [60]. ETiEXTeivETai, o^uc jia va 
oufinspiXdpEi xai SiaSixaaisc; axic; ottoiec; Ta 8uo aXXrjXsTciSpwvTa ap^ixd awtjdTia Ssv e/ouv ttjv i8ia [jd^a. 

'EaT« mi, TO2 01 [JdCsc; twv eiaepxotisvwv oco[iaTi«v (mi < m2) ^e TETpaopfiSc pi, p2 xai EvspysiEc i?i, 
E2 xai ms, m4 01 y.aZ,ec, twv s^epxotjsvwv aw^aTiuv ^e TETpaop^Ec; ps, pi xai EVEpyEiEc; i?3, i?4 avTioToixa. 
Sto ouoTrj^a avacpopac; XEVTpou ]j.aC,aQ, loxuEi: 

Pi{EuPi) , P2{E2,-Pi) (5.50) 
Pz{Ez,Po) , P4{E4,-Po) (5.51) 
OTiou Ta ^ETpa Tuv EioEpxo^Evuv |pi| xai E^Epxo^Evwv \po\ opficov Eivai: 

1^1 miVcm \/(s - (ma + m4)2)(s - (ma - m4)2) 

IPil = xai Ipol = (5.52) 

^E Vcm TaxuTTjTa Tou aufiaTiou ^d^ac; mi c^q upoq, to auaTr][ia avacpopac; xEVTpou [xaZac,, Vcm = \Pi\/Ei 
xai s, t, u 01 [iETapXr]T£c Maldestam {s + t + u = nn\ + m\ + m| + m|). H Siacpopixr] Evspyoc Siaxojir] oto 
zvk6y<Si a(^aTiy.a avacpopac;, Eivai: 

do__\Ai_m „^ 
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Jis,t) = \A\^ xaiX(s) = -^, (5.54) 

loTrmis 



da Jis,t) 



K{s)^/r^ (5.55) 



9c TT] Y^^vLa axeSaar]? twv aw^aTiwv axo iJewpou^evo auaxma avacpopdc;. 'Onwc; cpaivETai omo tt(v 
Tipor]Yo6^evr], r] eOpEar] tuv auvTEXEaTtJv a xai fo anaiTEi Tr]v xaxd Taylor avdmTU^r] tuv ■KoaoTV^TUv J{s,t), 
K{s) yupw aiio xa Sq, ^o- 

Ap/ixd, YWETOtt T] avdnTU^T] xwv 8uo tj£Ta3X"r|TC0v Mandelstam: 

s := (pi + p^f = {E, + E^f = so + S2vl^ + e)(^;,4„) (5.56) 



OHOU 



OHOU 



So = (mi + m2)^ xai S2 = 2mi H (m? + mo). (5.57) 

m2 



{Pi -Pzf = ml + ml -2EiE-i + \pi\\po\ cos 6 c (5.58) 
io + h cos 6lcWcm + t2vl^ + 0(w^„) (5.59) 



-m?m2 - mim| + m2m? + mim| 

io = ; (5.60) 

mi + m2 

t, = -^^nl (5.61) 
mi + m2 

2m2(mi + m2) 



1^1 = \/ (rax + m2)2 - (ms - m4)'^^{mi + m2)2 - (ms + m4)2 (5.63) 
/i2 = (mi + m2)^ + (mi - m-2){m\ — mg). (5.64) 

Aho Tr]v E^. (5.63) TipoxuTiTEi o xi,vr][iaTi,x6c; HEpiopLo^oc; hou npeiiEi va LxavoHoiELTaL yi-ot "nfiv npay- 

\i<xxo'Ko{-rf5r\ \iiac, SiaSixaaiac;: (mi + m2) > (ms + m\). 
AxoXouiJcilx;, avaTiTUooETai to iir(s) xaTd Taylor: 

K{s) =Ko+ K2vl^ + 0{vtJ (5.65) 

OHOU 

Xo = — (5.66) 

SzTrmi (mi + m2)'* 



-(mi + m2)'' - 3(m3 - m\Y + 4(mi + m2)^(m| + m\) 
647rm2(mi +m2)^/if 



-^^2 = — , _ N3 2 ■ [5.b7) 



Ava-KTUooovxac; xai. to J{s,t) yup" aito to s = So xai, t = to, Xa^pdvETai: 

w ,x J, ,x , 3J(so,io). ^ , aj(so,io)., .s 
J{s,t) = J{so,to) + — (s - So) + [t - to) 

ld'^J{so,to) , .2 , 1 32j(so,io) ,.2 , d^J(so,to), . , , 

+ 2 ds- - + 2 dt- - + dsdt ('-'o){t-to) + --- (5.68) 

To xpiai^o ary.Eio eScj eivai oti to J(so,io) 'X-O'-'- oi TiapdywYOL d"^~^"Jo/ds"^dt" 8sv s^apTCJVTai ano tt] 
yuvia cos^c- Movo ol 8uvd[iEic {t — to)" E^apTUVTaL ano tt] y^via cos^c- H E^dpTrjor] ano tic; heplttec; 
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SuvdfiEic xaTanviYETai, acpou / dficos^c = /dficos^^c = 0, quote anofievs!. rj ec^apTrpri ar.o tT] SeuTepr] 
Suva^r] Tiou Sivei J dflcos^ 6c = 47r/3. To anoTeXeo^a tt]? oXGxXr]pwar]c ttjc Tioa6Tr]Tac J{s,t)/4Tr oto 



/ 



rf^^^ = -^0 + J2^L + 0{vtJ (5.69) 



Jo = J{so,to), (5.70) 

dJ{so,to) dJ{so,to), , 1 a2j(so,io),2 
- 5. dt ^^ + 6 (5-^1) 

TeXixd, EiadYovxac xic avaTiTuyHEvec; ^opcpEc; OTTjv e^.(5.55) xai xpaxtovTac; opouc; [J-^xpi- SeOxEpr]? xd^r]? 
«C Tipoc Tr]v i;cm Xa^pdvETai,: 

O-l'cm = flcm + ^cm^'cm (5-72) 

OTIOU 

flcm = Jo-K'o, (5.73) 
6cm = J0K2 - ^JoKo + J2K0. (5.74) 

H [iExdpaar] aiio Tr\v -ay(iTrf:a tou awtJaT'.ou [jdCotc; mi «c upoc to auairjua avacpopac; XEvxpou ^d^ac;, Vcm 
axf] o)(ETixr] TaxuTr]Ta i;rei Y^^^™'' aciOTioicovxac tov opia[a6 Tr]<; Av. [38]: 



..e, = (5.75) 



OTioTE avTLxa'di.aTCjjVTac; 

(P1P2)' - m^m^ = (El + S2)2|pi|2 
xai avanTOaaovTac; xaxd Taylor , Xa^pdvExai,: 



mi+m2, ^ mi(— mj+m|) 
m2 

SuvEnuc;, 01 ouvteXeotec; tou ava-KTUYHQccoc;: 



«rel = ( )Vcm + ^«cm + ^(^L) (5-76) 

7712 /77I2 



(TWrel = a + foiJje, (5-77) 

ElvaL: 

a = Ocm xai = 0cm- (5.78) 

77l2 7771 + m2 

To [iovo aSiEUxpiviaxo ^fi\da, Xomov, axov unoXoYiofio t«v a xai 6 Eivai r] eupeai] xou nXdxouc |^|. H 
SiaSixaoia auxn] paoi(lExai oe yvwoeii; e(^ap\iOYr]c. xwv xavovwv Feynman xai dXYEPpac avxixEi^svwv anivo- 
piaxou /apaxxiripa. Me^oSoc;, o^uc;, 8ev ^TiopEi va SotJei acpou oi xe^vixec; ■koixiXouv xaxa nEpiTixwor]. IlEpio- 
aoxEpo cpcoc OE auxo xo ar]<JEio xou unoXoYiafiou EnixsipEixai va 8ot)£[ axo napdpxr][ia B' otiou avacpspovxai 
01 axExixoi xavovEc Feynman xai EXxit^Evxai xpia anXd aXXd avxmpoawTiEUxixd TiapaSEiYHaxa. 

5.4.2 Ei^cLyayri tt]<; 'dsp^ixn^q ^Earjq xi^n^q xou cr^irei 

H )(pr]ai^6xr]xa x«v auvxEXEaxcov a xai fo cpaivExai aiio xr]v EfiTiXoxif^ xouc axr]v sxcppaar] xr]c 'dEp^ixr^c; ^Ear]? 
xi^rjc; xou av^ei- AvaXuxixoxspa, ano xov opinio xr]? iJEp^ixi^c; ^Eor]? xi^r]?, lo/UEi (ajiocpEUYExai yi-^ Xiyo 
axo^a T] XP^I'^i^ Seixxcov) 
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onou pi (El) xai p2 (-B2) 01 xETpaop^sc xai 01 svepysiec twv ouyxpouo^evcov acofiaxiSicov axo xoa^ixo 
ouoTr][ia avacpopdc rjpE^iac; xai T r] iJepfioxpaaia. XprjaifionoLUVTac ti^ [-ii^ axsTixiaxixr] ^^:pooEYYLcyl^ ti^C 
E^. (4.57), T] TiapaTidivu YP0'9E''^°"- ''^'■o XP^T'"'^'-^''! M°P9''l 

AvTixa'diaxcovxac axr] auvsxsia, Tr]v avETiTuyf-iEvr] [-lopfpT] ttjc; (Tt;rei avanxOaaovxac xai ty] a)(£Tixr] Ta)(UTr]Ta 
as Suvd^eic; tuv pi xai p2, (^^rei — ~ ^2/^2)'^) xai aXXd^ovxac; ^eTapXT]Tec; ano tk; pi xai p2 oti? 

Prei = Pi — P2, Pt = Pi + P2 TO aTioTEXECJ^a Tr]c; oXoxXi(]puar]c; upoxOnTEi EiixoXa. EiadyovTac; xai Seixtec; 
oTr]v teXixt] EXcppaoT] auxr] jiaipvEi Tir]v E^r]? ^opcprj: 

< atjVij > (z) = Uij + ( 6 + (-12 + -)A,j + ^(A^^.) ) ^'ij/a^, (5-81) 



onou A,;,- = (m,- —mi)/mi y] avy]Y[-'£^''l Siacpopd ^d^ac; tuv 860 aXXr]XETii8pCjjVTWv awfjaxiwv, Ilpofpavwc, 
01 opoi TTiC T:poriYo6[jev"r|C £Ciowar]c nou Eivai avdXoyoi tou Ajj [iTiopouv va a^EXrj'douv, Yi-ott^ 01 xifisc tiou 
Xa^pdvEi TO Ajj Eivai [iixpoxEpEC tou 0.25, TipdYfia nou anaiTEixai jia va Eivai orj^avTixr] xai r] ouYYevixrj 
xaTaoTpocprj. Etio^evuc;, to teXixo anoTEXEo^a TiaipvEi tt] E^r]C auvTO^r] ^opcpr]: 

< OijVij >= aij + 6bij/x (5.82) 

5.4.3 A^ioXoYTjOT) t6jv auvEiacpopwv axT] 5ptoaa evepYO Siaxo^n^ 

H auvEiofpopd T60V Siafpopwv SiaSixaaitJv xai ^Exwpiaxd twv auvTEXEaxtov ajj xai 6y axo teXixo anoTEXEa^a 
EXTifidxai xaXuTEpa [je otjaSoTioiriar] auTWV nou £)(ouv aTaiJEpo oXoxXr]pWTix6 TiapdYOVTa oTr]v Tioo6Tir]Ta 
Jeff. IIio ouYXExpi^Eva, xpi^oi^onoiwvxac; tic; E^. (5.24), (5.46) xai (5.82), ETiiTUYXavExai: 

{ij) (if) 

xai T] d'dpoiar] XoYi^^Exai as o^dSE? ap)(ixwv xaxaoxdoEwv (ij) [ds iSia xi^r] otouc; oXoxXr]puTixou(; napd- 
YOVTE?: 

f°° dx 

-^h) = Hm^^ I :;j^«(a;)^'j(a;) , (5.84) 

f°° dx 

= Qc(^ij)XF --jri{x)rj{x) ■ (5.85) 

Jxp 

Ta C(jj) Eivai oxaiJEpEi; nou Excppd^ouv tov apii}^6 nou E^cpaviJ^ETai x] EVEpYO? Siaxo^r] ^lac; SiaSixaoiac xunou 
(ij) OTO d^poiofia tt]? E^. (5.24). Eivai a^iooir]^EiUTO oti -xia Aij = o ouo)(ETio[i6c; tuv oXoxXr]puTixuv 
napaYOVTUv Xa^pdvEi Tr]v E^y^c; anXV] HopcpV] (acpoO xa ri{x) Yivovxai avE^dpTr]Ta tou a;): 

Ano Tic; sxtppdasic; nou £niT£U)(t)"r|Xdv nio ndvu ^nopouv va y'vouv oi napaxdTU napaTr]pir]OEic; ayzxixa \ie 

TIC Eni^SpOUC OUVElOCpOpEC OTO J^s- 

• H auvEiacpopd tuv SiaSixaaiuv auYY^vixy^c; xaTaaTpocpy^c; Eivai ar][iavTixr] [iovo yia [iixpd Aij < 0.25 
XoY" Tuv unapxovTUv extJetixCjOv OTa oXoxXripto^iaTa tuv E^. (5.85) nou cpiJivouv Taxswc- 

• Ano Tic; SiaSixaaiEc; auYYSvixy]c; xaTaoTpocprjc, oi nio ar][-iavTiX£c noaoTixd Eivai oi T^nou (li), ^lE 
i > 1 XoY" Tr]z 6noLpZr\z yiovo evoc; ex^etixoO oTa oXoxXr]pcI)^iaTa tuv E^. (5.85) 

• H ouvEiocpopd Tuv SiaSixaaicov auYY£vixir]c; xaTaaTpo(p"r|C; £(ppdC£Tai xupiuc; ^eou tuv ouvteXeotcov 
ttij afpou T] auvEiafpopd twv bij sivai auiJniEa^Evr] xaTd sva cjxetixo napdYOVTa TouXd^ioTov 1/7, onuc; 
EvapYwc npoxunTEi ano Tr]v E^. (5.86). 

• 'OTav oi SiaSixaoiEC ouyyevixt]? xaTaoTpo(pr]C nauouv va Spouv anoixo8o[ir]Tixd, Aij > 0.25, r] 
SiaSixaaia aXXr]XoxaTaaTpo(pi(]c;, 11 Y^vETai xupiapxT] "Xict to teXixo anoTEXEa^a. 



5.5 Ecpapytoyri ae LSP yiopcprjz Bino 
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5.5 Ecpap^oyT] as LSP ^opcpT^q Bino 

H eXacppoTaxr] lAK \xaZ,az tou nivaxa tuv neutralino ^TiopEi va yga<j^z\. uc; yga]j.]j.vK6Q ouvSuao^oc; tuv IAK 
PaiO^iSac; ajio tic; otioie? TipoEpxetai zijf,: 

X = iVii(-jB) + N2i{-iW3) + N31H0 + N41S0. (5.87) 

Oi auvTEXsaxEC Nn — N14 sivai xa aTOi)(£ia tou Tiivaxa N tiou SiaYwvonoiEi tov nivaxa tcov neutralino xaxd 
Tr]v E^. (2.72). H Ta^ivo^rjor] tt]? cpuor]? evoc; neutralino yivsTaL ^saw tou [izYS'douc, ttjc; xaiJapoTriTac; tou 
■Kou opi^ETaL ac, s^i]c.: 

Av P > 0.9, TO neutralino Eivai [iopcprjc gaugino, evco av P < 0.1 Eivai [jopcprjc higgsino xai av 0.1 < P < 0.9 
eivai ^iiXTrjc; ^lopcpii^?. Ano amfi Tr]v noixtXia nEpLTiTtbaEUv, to neutralino oto onoio eivai acpiEpw^Evr] r\ 
[lEkETf] TT]? SLaTpipy^c; auTV^c; sivai oji [lovo ^opcpy^c; gaugino aXka axo^a EiSixoTEpa, ^opcpi/]? Bino, nou 
ar]Ha[vEi otl: 

TVn ~ 1, N21 ~ N31 ~ Nil - 0. (5.88) 

Aev EivaL TUjaia r] eulXoyi*] auTy]. Ap)(ixdi, izoXkic, Eivai 01 ^apTupiEc; (Av. [46]) nou auyxXivouv oto 
au^TiEpaa^a otl 8ev EivaL etiltuxV]? UTi:oc|jy](pLoc; yi-a Tl^ Xiiar] tou TipopXi/^^aToc; tt]? CDM Eva LSP ^opcpy^c;: 

• Higgsino, ■xicczi r] ^Eiuor] tiou ucpioTaTai, r] CRD tou, Xoyu tuv ANE oe ^Euyr] PF, Z EivaL xaTaxXuo- 
^laia, [ds anoTsXEofia va [ir]v EniTuyxavovTai Ta CDM opia yi-a [Ja^sc tou LSP ^LxpoTEpE? tou .5TeV, 
axofia xai x'^p'c ""^^l^ Tiapouaia t«v CAE aOficpwva [le Tr]v Av. [61]. 

• W3, yiofTi 7] CRD ucpioTOiTai SpaoTixr] Taneivuor] Xoyw tuv avaiiocpEUXTCOv CAE [ds to oxeSov ex- 
(puXiafiEvo EXacppoTaTO chargino, ohote T] id&Z,a tou LSP npEiiEi va yivsi [isyaXuTEpr] tou ITeV "Xict va 
ytvEi EvStacpEpov -xia xa CDM oEvdpia. 

EtilttXeov, f] jpfiaiidOTioiriari naYXoa^LCOv apxixtbv auvi)r]xcjjv yi^a touc; opout; aa^svouc Tiapap[aar]c Tr]c UTiEp- 
au^^ETpiac, aav xai auTEc nou "da xpiT^i-MOTioiTi^oOv OTa ETio^Eva xscpaXaia, oSrjYEi [JE [JEY'^^'H Ti:i.^av6Tr]Ta 
OE LSP \dop(f)-f]Q Bino autjfpwva jiE Tr]v Av. [62]. Kupiuc; OTav xai x] TiapdjiSTpoc tan (3 TiaipvEi [dEjaXec. Tifisc, 
T] UTio^EoT] ^ac; Eivai iSiaiTEpwc SixaioXoyritJEvr]. Fia ^LxpoTEpEc; tl^e? ttjc; tan/3 Ti:apaTr]pir]'dr]xav anoxXioELc; 
ano Tr]v ou^TiEpicpopd auTH] ohote xai ^a yivETai d^Eor] avacpopd oto ^EiovEXTir]^ia ttjc uno'dsaric \dac,. 

Mia axofia auv^y^xr] tiou TipETiEi va laxiiEi tboTE t] apxixy^ [iac UTio-dEar] aTr]v E^. (5.88) va jirjv aXXoitbvEi 
TT] YSvixoTrjTa tuv anoTEXEaficxTWv [xac,, Eivai va (puXdaaETai apxETT^ anooTaar] Tr]C [id^ac tou LSP aiio to 
SmXdaio t«v \daZ,(x>v tiou E^cpavi^ovTai otouc; SiaSoTEc; tuv SiaSixaaitJv [dsacti tou 8ia6Xou s. IIoaoTixd 
EXcppa(16[iEvoi, upsTiEi: 

» [<] Mz/2, mh/2, mjj/2, m^/2 (5.89) 

AuTEc; 01 nEpioxEC T«v TioXwv Y^vixd Eivai ano^ovcofisvEc otov TiapatJSTpixo X"po '^"^ TipoTUTiwv TIOU "da 
E^ETaoTOUv xai -xia auTO, o SEUTEpoc; auTOC TiEpiopiaijoc; ttou TipsTiEi va laxuEi yia va Eivai Ecpap^ooi^a Ta 
aTiOTEXEo^aTd ^ac; 8ev ETiippEd^Ei aicrdr]Td Tr]v sZoLycxiyf] ysvixcov aufiTiEpaafidTUV. 

'Otmc, (paivETai aTio Tr]v E^. (5.48) jia tov UTioXoyiatJo ttjc; CRD twv LSP aTiaiTEiTai o UTioXoyiofioc 
Twv EvEpyoov AiaTo^wv twv ANE xai CAE. Ee auTd Ta t>£iaaTa sivai acpiEpu^Eva Ta E8. 5.5.1, 5.5.2, 
5.5.3. TeXoc; SiacpopoTion^asic;, 8ia96Jv[Ec; xai 8iaaafpr]vr|aEic axETixd \d£ Ta aTioTEXsa^aTa tt]? ^eXetkic; tiou 
TiapouaidC^ETai aTr]v Av. [64] SiEui^ETOUVTai oto E8. 5.5.4. 

Stouc; EXTEi5yi[aEvouc IIivaxEc; 5.2, 5.3 xai 5.6 twv E8. 5.5.1, 5.5.2 xai 5.5.3 TiEpiypdcpovTai ou^po- 
Xixd oXa Ta SiaypdjijaaTa Feynman tiou ouvEiOTpEpouv otT] Spwaa svEpyo SiaTOjar] yia xd^E TiEpiTiTUor]. 
Efpapfio^ovTac to ysvixo fpopfiaXiatJo tou E8. 5.3, 01 exei apii5[ir]Tixoi Seixtec ij, EvaapxwvovTai ae s- 
particles auyxExpifiEvrjc; TauTOT'rjTac;. Hpocpavcjc; 1 := x- H TauTOTioir]ar] tuv dXXwv apii5[icov ywETai xaTd 
TiEpiTiTwar] oTa avTioTOixa sSdcpia. Ta awjidTia tiou EvaXXdoovTai oe xdi^E ^Euyoc; apxixwv {ij) xai teXixuv 
xaTaoTdoEwv 8"r|Xa)vovTai cdc, opiatjaTa tjsaa oTa xavdXia aXXr]X£T:[8paa"r|C; Tr]v OTioia T:paY[JaTOTioiouv. Euy- 
XExpi^Eva, Ta ou^poXa s{p), t{p) xai u{p) 8r]Xwvouv SEvSpixou ehiheSou Siaypd^aTa, oTa OTioia to ow^dTio 
p EvaXXdoETai [dEaa tou s-, t- T] u-8ia6Xou. To oii^poXo c, TipoEpxofiEvo aTio tt] Xe^t] contact, 8r]XtJVEi 
SiaypdfifiaTa OTa OTioia Ta Tsaaspa s^WTspixd TioSia touc; PpiaxovTai ae STiafpT]. AvaXuTixd aTioTEXsatJaTa 
yia TIC ar][iavTiX£c; auvsiafpopsc; axi] Spcjoa EVEpyo SiaTo^ir] Tiapouaid^ovTai otouc IIivaxEc 5.4 xai 5.7 xai 
OTIC E^. (5.90), (5.91) xai (5.95). 
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5.5.1 EvEpyot; Aiaxo^iQ AXXifjXoxaTaoTpocpiQc; 



nCvaxaq 5.2: Aiaypa^^axa AXXTjXoxaxaaTpocpTic; 



KaTaCTTotoeiq 


KavdtXia 

AXXT]X£TLt5paaT]<; 


ApYi-xri 






J J 


s{K\ s(H] s(A) s(Z) 










hh, hH, HH 


'i(h) sfiJl /fv*?") y(Y^) 
fiyit), i^yj^j, i'\Xi)j "'\Xi) 




AA, ZA 


s{h), s{H), tix'i), Hxl) 




hA, HA 


s{Z), s{A), u{x°) 




W+W-, H+H- 


s{h), s{H), s{Z), t{xf), u{xf) 




H+W- 


sih), siH), s{A), tixt), uixt) 




zz 


s{h), s{H), t(x°), uix°) 




Zh, ZH 


siA), siZ), tixD, uix°) 



Oi apxLXSC ur.o'deae'.c, twv E^. (5.88) xai (5.89) exouv SpaaTixr] erJ.r-Mari aTOV UTToXoy'-ajio Tr]C 
EvEpyou AiaTOfirjC AXXr]XoxaTaaTpo(pir]c;. Kai, auxo, Slotl av 8ev ia)(ue T] Ec. (5.88) iJa sixpSTiE axov utioXo- 
yiafio Tr]C Evspyou AiaTO[ar|(; AXXriXoxaTaaTpocpr]c va au[J7i£piXr](pi}ouv oka -a xavaXia aXX"r|X£7ii8paar]c 
nou xaTaypafpovTai oxov Ilivaxa 5.2. ST'r]v e^sxaCotisvr) TTspiTcxcoar], oficoc, [iovo xa Siaypafifiaxa [i£ 
xeXlxec; xaxaaxdaEic //, H~^H~ etii^oOv. Xlpayfiaxixd, avxixaTJiaxCjOvxac; xic; E^. (5.88) otic, excppdaeLc; 
xuv axsxixwv xopufpcov Feynman ano xr]v Av. [12], upoxunxEi 6xi: 

• Ol (Ieu^elc neutralino-neutralino-higgs[gauge boson], X~X?~^) -f^) ^) Z [dtpEviCovTW.. E-ko^evuc; oXec; 
01 Suvaxec; aXXrjXEniSpdaeic [iEoco xou StauXou s aTioxXeiovxai. To oufinepaofia auxo iJE^EXiuvexai 
aacpaXeaxepa enixkiar] xai xr]? SEiixepr]? apxi.xi(]c; TrapaSoxyic; ^ac; axr]v E^. (5.89). Kai auxo, Sloxl 
o ^ixpoc; napovo^aaxy^c; nou npoexunxe as avxMExr] Tispinxwar], axofia xai [is napouaia ^ixptbv 
Ceu^Euv iJa ei/E uc; anoxeXeo^a xr]v anoxo^r] au^rjar] xr]C evspyou 8iaxo[iir]c. Axo^a, Xoyu xou 
^ir]8evio^ou xuv lSluv ^eu^euv, oXa xa Siaypd^naxa ^e EvaXXayr] neutralino oxo SiauXo t r]u Enior]? 
aiioxXEiovxai. 

• Oi (Ieu^eic neutralino-chargino-gauge boson, x ~ xf ~ ^ir]8EviCovxai. Enofisvcoc oXa xa 8ia- 
Ypd^^iaxa [ds EvaXXayn] chargino oxo SiauXo t r]u anoxXEiovxaL exxoc; ano xa Siaypd^naxa ^e xeXixt] 
xaxdoxaor] H~^H~. 

• Ol Ceu^el? neutralino-chargino-charge higgs, X~xf — H^ etil^ouv. Ta SLaypd^naxa nou xaxaoxEua- 
CovxaL ^E xprjor] xrjc xopufpr]? auxT]? npoxuTixEi 6xi e^ouv [iEiu^Evr] ouvEiocpopd oe oxeot] ^e auxrj nou 
npoxunxEi ano xa Siaypott-inaxa nou paaiCovxai axr]v xopucpr] neutralino-sfermion-fermion. EninXsov 
as nEpLnxcoaEic; papu xo^sa Higgs {jia [iixpsc r] EvSidfiEOEc xifisc xou tan /3) xa Siaypd^faaxa [je xeXixV] 
xaxdaxaar] H^H~ sivai xivr][iaxixd E^aipExaia. Euvsncoc, 8ev nEpixXEiovxai axov unoXoyicj^o. 

• Oi ^eO^eic neutralino-sfermion-fermion, X ~ f ~ f £wai xupiap^Ec;. H SEano^ouaa auvEiacpopd axr]v 
EvEpyo Aiaxofii*] AXXr]Xoxaxaaxpo(pii^c npo£p)(Exai ano xr]v EvaXXayif] evoc; sfermion /, [liac^ xwv i 
xai u SiaOXwv nou o8r]YE[ oe xeXixec xaxaaxdaEic // onou / xdnoio quark i] lepton. Ano oXa xa 
Suvaxd Siaypd^^axa, auxd nou o8r]Youv oe quark Eivai ou^niEo^Eva oe o/eot] ^e auxd nou oSrjyouv 
OE xdnoio lepton Xoyu xuv papuxspwv jia(lcov xcov squark oxouc; SiaSoxEc; xai Xoyw xou jiixpoxspou 
unspcpopxiou xuv squark, xo onoio u(j;uvExai oxrjv xExdpxr] Suva^r] onuc; cpaivExai oxrjv E^. (5.90) xai 
(5.91). 

Su^nEpaa^axixd, xa Siaypd^^iaxa nou nspiXataBdvovxai axov unoXoyio^o [lac, Sia^iopcpcovovxai ^lE ap^ixsc;, 
xeXixe? xaxaoxdoEi? xai xavdXia aXXir]XEni8paor]C avxioxoi)(a wc; sZr\c.: 
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X T [e+] X r [e+] 

* 1 * 

I 

n[2] [sr] I 
I 



r+ [e+] 



(a) 




SXTQ^i-a 5.1: Ta SiaypdiJiJara Feynman nou auveiafipouv OTrjV evepyo Siazoiur^ aXXr]XoxaTaaTpoq)r]<; XX ~^ 
Tf [ee] [jsacd xojv SiauXojv ocXXr]XeK(Spaar]c; t, (a) xai u, (f5) 



XX TT i(fi[2]), M(fi[2]) XaL 

XX ee t{eR), u{eR) 

H 8iaYpa[j[iaTixi^ JJopcpr^ auxcov xwv SiaSixaoicav cpaivexai axo Sx- 5.1 

H SiaSixdaia E^otywYric xuv auvxEXeaxcov a xai 6 xou E8. 5.4.1 Sev xpeidCexai va £V£pYonoir]i}£i y^o. 
xr]V nepiTixwari xwv SiaSixaaicov aXXriXoxaxaaxpocprjC, yi'O'ti oi auvxeXeaxEC auxoi [jnopouv va s^axiSouv 
anEuiJeiac ano xo xunoXoyio xou napapxrinaxoc xr]C Av. [63]. AjaeXcovxac xic \xaZ,z<^ xcov Xenxovicov xr]C 
xeXLxr^C xaxdaxaar]c; oi auvxEXeaxec O;^^ xai fo^^ xr]c; E^. (5.82) Ppiaxovxai: 



h 



4 2 

e to| 



2((2m| - 2m|Ei + S?)S2y/ + (1 ^ 2)T.\Y^4 + 2(1 ^ 2)^ 



+ (4T.IT.I (2m| + S1S2 - m|(I]i + S2)) {Y^ + Yl) + ((Si - Y.-^f [gSjS 
- 20m?SiI]2(Si +I]2)+4mi(3S2+4SiI]2 + 3S2)])y^2y^^^2^2 

m|(ml+m|J 

OTiou YLiyK) = ~l/2(— 1) xo unspcpopxio xou tl(^ji), Si, 2 = to| + "^Ij 2 = fn\ + fn\^ \xz rrie^ va 

Eivai T) xoivr] [jdc^a xcov Se^ioaxpocpwv slepton ej}, jln xcov cXacppoxEpwv y£V£wv. MEpixd a)(6Xia sivai xcopa 
aTiapaixTjxa: 

• O auvxeXEoxrjc a-^^ sni^ei [jovo oxit; nEpmxwaEit; jaE:Y<^^ou tan /? y\.aTi sivai avaXoyoc xou s^, xo onoio 
^TiSEVi^Exai as Tiepmxwaeic jaixpou tan/3 xai ouvetiwc £Xd(xiaxr]<; avdjai^rjc — f/j. 

• H xupia auvsiacpopd axo 6^^;^ upoepxsxai ano xo npwxo opo axrjv ayyxAri xou Scuxepou [jeXouc xr]C E^. 
(5.91). Oi dXXoi opoi axr]V iSia ayxuXr] ocpsiXovxai axrjv avd([ai^r] tx — t/j. 

• xEXeuxaioc opoc axo Se^i [jspoc xr]C E^. (5.91) napiaxdvei xr] ouveiacpopd xwv 8uo cXacppoxEpcov 
yevewv. Ta Se^ioaxpocpa sleptons iJewpouvxai ExcpuXiafjeva \iaZ,a rrig^. Se TiEprnxcoasic [jeyaXou 
tan 01 xi[asc xou mgj, eivai xaxa noXu [asyaXuxepEc ano auxec xou nif^ xai snofievwc; 01 avxiaxoix^C 
auvsiacpopEc axo b^^ eivai [iixpoxspEc aiio sxsivEc tiou Tipoepxovxai aiio xrjv evaXXayr] xou f2. AvxiiOsxa 
ae TiEpmxcoasic [iixpou tan /3 oXec, 01 £TTi[j£pouc; auvEiacpopsc sivai Tiap6[aoi£c. 

• H auv£ia(popa axo cnio xo 8iaYpa[j[ja [je svaXXayy] ti Eivai [JixpT], [JoXovoxi Tiapouaia^exai axY]v 
E^. (5.91). BpiaxExai 6x1 r] auveiacpopd xou eivai [isicofievr] xaxd 1/6 — 1/8 auyxpivofisvir] ano xr] 
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ntvaxaq 5.3: Aiaypa^^aTa SuyYEVixi^q KaTaoTpocpi^q I 



KaTaCTTotoeiq 








AAA7jAE.TttOpOCCJT]^ 




r/i, riJ, 


i(Tl,2) 




tA 


s(t), i(ri) 




TJ 


s(t), t{T2) 


T2f2 


TT 






hh, hH, HH, ZZ 


s(/i), s(i?), i(Ti,2), m(ti,2), c 




AA 


s(/i), s(i?), i(Ti), m(ti), c 




hZ, HZ 


S(Z), i(Ti,2j, m(Ti,2J 




hj, Hj 


i(T2), u[T2) 




hA, HA 


s(Z), w(n) 




AZ 


s(/2), S(H), t(Ti), m(ti) 




H+H-, W+W~ 


s{h), s{H), s(7), s(Z), c 




H+W^ 


/ 7 \ / TT\ 

s{h), s{H) 




77, jZ 


tih), u{t2), C 




tt, bb 


s{h), s{H), s(7), s{Z) 




TT 


s{h), s{H), s(7), s{Z), t{x) 




uu, dd, ee 


s(7), s{Z) 




vv 


siZ) 



auvEiafpopd and xa'dsy.ia ano tic; sXacppoTepsc; yevEEc;. Auto [JTiopsi va xaTavor]'dEi ano Tr]v axoXou^T] 
TiapaTii^pr]ar]. Ilapd to jejovoc, oti 'r] [jdCot aTO SiaSoTY] auTou tou 8iaYpd[j[aaT0(;, ruf^ , Sev Eivai noXu 
u(]jr]X6TEpa cazo tk] mgni >fipi-Q' auvEiacpopd tt]? TiEpiEXEi Eva TiapctyovTa Trjc laopcpi^c; c!^y^ otiwc; 
cpaivETai . 'Eva? tzio E6)(pir]oToc; xai tzio ouvto^oc; tuhoc jiTiopEi va Xr](pt}Ei av a[iEXr]'dEi r] auvEiacpopd 
tou SLaypd^naTOc; ^e EvaXXayrj tou fi nou Eivai: 



XX 



^2 



+2 



127rc^ 



(5.92) 



5.5.2 EvEpye*; AiaTO^eq Suyysvixtqc; KaxaoxpocpiQc; Bino-Stau 

Se TiEpL0)(Ec; TOU TiapaiJETpixoO x^iipou, onou XatjSdvETai tan/? > 15, r] avdfii^Y] t«v tl — tr nai^Ei poXo 
LSLa^tovTUc; ar]HavTix6, Yi-otT^^ TaTiELVtivEi tt] [jdCa tou EXacppoTEpou aTio auTd, ttXeov, xo'[-'''l^oTEpa aTio Ta 
right sleptons tuv 8uo npuTOV OLXoyEVEicov, oTa onoia r] avd^i^r] [inopEi aocpaXcoc; va a^EXir]^Ei Xoyu tuv 
^Lxpuv ^a^uv Tuv avTioTOL)(uv (pEp^iovicov. Se tetolec; TiEpi.Ti:TuaEi<;, o [iir]xavia[i6c; \Tf, SuYYevixrjc; KaTao- 
Tpocpy^c; EVEpYonoiELTaL avd^Eaa OTa 86o, ^axpdv tuv dXXuv, EXacppoTEpa aw^dTLa tou SUSY cpda^aToc;. 
Eno^Evuc;, aTr]v E^[auar] Boltzmann r] Tiuxv6Tr]Ta api^^oO ^etexCjJvtuv au^aTL8[uv, Eivat: 



(5.93) 
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nCvaxaq 5.4: Suveiocpopeq OTOuq SuvTeXeoTeq ajj (ij ^ xx) 



AiaSixaata 


Suveiacpopd axo SuvTeXeaxTj ay 


XT2 ^ r/i 


6^(1 - fnl)'^{2YLYjighTT['^SrCrgh/{mf.^ - m\m^) - C2Tghil 
(m?^ + m^irhf^ - ml))] + [gl^^ + gl/{m^ml - mf,y%slYl + c\Yl) 

+gl,{clYl + slYDliml + m^im. - ml))'' - ^s^c^iYl - y|) 
ghghi/{mf2 - 'mxml){mi^ + m^{mf2 - m^))}/327rc^mf2 (m^^ + m^) 




e^{s\Yl + c2y|)/167rc^mf2(mx + m^J 


XT2 ^ tZ 


e\\ - Ml){mrA\ - Mlf{g\,^A^\Yl + 4yJ)/(M|m^ - m,,f 
+gl,,z{4Yl + slYl)l{ml + m^{m2 " 
-2gf,f,zgf2f2ZSrCr{Yl - Y^)/{Tfif, - M^m^){Tfil + rfi^irhf^ - M^))] 
-2gz{Ml - l)^gf,f,z{LrslYl + RrclYl)/{mf, - Mlm^) 

-gfrf2ZSrCr{LrYl - RrY^) / {mj^ + m^{mf^ - M|))] 

+gULlslYi + Rl4Yl){l + M| - 2Af|)(l + m^)}/327rc2^M| 


hh -> TT 


eHstYi+4Y^)my7rct^i:l 


7^2 ^2* 77 




^^2^2* 7^ 


-e2<;?^,^^(M|-4)/167rm?^ 


f2^2* ^ 


(1 - M'zY^miglgl^^PJiml - 4) + 12ff,5.zz<?|,^,zM|M|)/(m2 " 4) 
-'ighghzzglf^zrnliPi - A)/(l + ml - Ml){ml - 4) + {h O If)] 
+9i2f2zM^Pzl{Ml - 2)' + 25ft<7ftzz<7^^<7HZzPi/(m2 - 4)(m|, - 4) 
-8<7?^,^^5|,f,zA'/|[P5 - 3m?^(M| - 2)]/(l + m?^ - Af|)(M| - 2) 
+44f2Z™l2Ki^i + (1 - A^l)'^2 - 2m|^P4]/(l + - Mlf} 

/647rM|m?^ 


f2f2* ^- W+W- 


(1 - M2,)1/2(4 _ + ^Mlv)[ghghw^w-I{ml - 4) 
+5J?5j?vv+vv-/(mH - 4) + fff^f^iy+iy-m?j2/327rM^m?^ 


hfi tt 


3(1 - m?)3/2[g,g,„/(A2 - 4) + gHgmtliml - ^)fl^'Km\^ 



xai r] Spuoa Evepyoc; SLaTO^rj oTir]v E^. (5.24) v ~ Wy, -xpaffSTW.: 

f^e« = (^xx^x'^x + 4CTxf2''x''f2 + 2((Tf2f2 + crf2f2*)''f2»'f2 • (5-94) 

OTiou xa Sivovxai aiio Tr]v E^. (5.26), avTixa'diaxcovTac i = x,f2,f| xai gi = 2, 1, 1, av-J.a-oiy^a. 
IIpo(pavir]c; £Tiiar]C ewai r] apii5[ir]Tixr] TauTOTioirjar] axo dcdpoiafia xr]C E^. (5.24), 1 := x, 2 := f2, 3 := f|. Oi 
■KapdiYO^''^ofc 4, (2) axr]v E^. (5.94) E^rijeiTW. ano xo y^Yovoc; 6xi oi ■KapdiYO'»'''^s? 12, 13, 21, 31 (23, 32) axo 
d^poiana TTiz E^. (5.24) eivai xaux6ar]Hoi. 

H -Koaoxrixa Jeff PpiaxExaL aTio xr]v E^. (5.83) a^poi^ovxac; axic; s^i]c. o^oiSec; (ij) = (xx)i (X'^2) xai. 

(^2^2*^) HE 

flf^f^*) = af2f2 + "?2?2* ' 
fc^^f^*) = &f2f2 + ''f2?2* 

xai OL Tioooxrjxec Jfj^-., UTioXoYiCovxai xpi^oi^OTioLuvxac; xlc; E^. (5.85), (5.84) [is xic a^extxEc; oxaiJEpec; 
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nCvaxaq 5.5: Ta S6^poXa A 



AiaSixaata 




Xh 


Ai 


A2 


Ac 


f2f2 /l/j 


QliQlihli 


gngnhh 


9 hi 


9l 


gf^f'^hh 


farl ^ hH 


ghQHhh 


gnghMH 


ghigni 


gugn 


gf2flhH 




giigiiHH 


gHgHHH 


ghi 


g% 


gf2f2HH 


f2f2 A A 


9hghAA 


gngHAA 


-g\i 





gf^f^AA 


T2T^ H+H- 


9h9hH+H- 


9h9hh+h- 








gf^f^H+H- 



(^(ij) = 1> 4, 2 Y^a = (XX), {XJ2) xai (^2^2 )- '0™^ = 0> -^fy) = 1/4, 1/2, 1/8 avTiaTOixa. 

Stov Hivaxa 5.3 nEpiYpacpovTaL oXa xa 8LaYpofM°'''^°' Feynmann nou ouvELocpspouv otT] Spwaa evspYO 
SiaTO^r]. Fevixd, ano xa avaYpotfponeva 8i.aYpotMM°'''^°', ™ ■Kapaxaxu: 

f2f; h[H]A, h[H]-i, h[H]Z, AZ, H-W+ , vv 

TipoxuTiTEi OTi iyj:)\iv aa'deviaTa-.Ti auveiacpopot oxr) Spwoa evspYO SiaxotiT], Xoycx) site t«v aa'devMV Csucewv 
£'.T£ T«v [i£Y<^^'^^ [ia^wv, onoTS [inopoOv, EX Tou acJcpaXoiic;, va a^sXriiJoOv aTio tov teXixo \JTi6kojia\d6. 
Oi auveiafpopsc; aTio tic; Siacpopec; CAE nou xaxaYpoKpovTai axov Ilivaxa 5.3 axouc; ouvxsXEaTSc; cnj xai 6y 
(«i 7^ XX) '■I'l'^ Ec.(5.82) unoXoYiCovxai scpapjioCovxac xr] [iS'doSo tiou Ti£piYpo«pr]XS axo E8. 5.4.1. Oi [laCez 
xuv leptons xai quarks (exxoc and to i-quark) axic, xeXlxe? xaxaoxdoEic; i] axouc, StaSoxEC Xa[a3d(vovxai 
[ir]8£v. AvxiiOexwc, 01 b xai r ^eu^eic Yukawa 8ev aYvoouvxai Y'-Ofxi, axic; irispnixcoaEic [lejaXou tan/?, 
T] ETiiSpaar] xouc TipoxuTixEi va Eivai noXu arifiavxixf]. Oi xupiapxEc ouvEiofpopsc axr]v Jeff xr]c E5.(5.83) 
Tipo£p)(ovxai aTio xouc ouvxeXeoxec; a,j axr]v TispiTixwa'r] x'r]c; CAE. 

Sxov Ilivaxa 5.4 EXxMEVxai ^Epixsc aito tic; SiaSixaaisc nou ouvEiocpEpouv axa {ij ^ xx) [ia(li [iE 
xic; avaXuxixEc; xouc; EXcppdoEic; -xia auxsc xouc tic auvEiacpopsc- Ta ou^poXa ' [~] ndvco ano [iia Tioa6xr]xa 
8ir]Xuvouv 6x1 auxr] r] Tioo6xir]xa ^Expiexai oe ^ovdSsc Tir]c ^id^Qt? "^f2 [ "^x + "^f2]- Ta aufiPoXa c^, Sr Eivai 
xa axoL)(Eia xou nivaxa SiaYWvonoiei xov nivaxa y.a.Z,(x>v xuv stau xai opi^ovxai axr]v E^. (2.67). ETi:[ar]C, 

A(2) = 3Ml - (+)4M| + 4 , P3 = 3M| - 8M| + 8 , 
P4 = 3M| - 3M| - 4M| + 4 , P5 = 3M| - 5M| + 2 . 

H auvEiacpopd ano xr] SiaSixaaia xf2 ^ ri? {x] tA) axo auvxeXsaxr] a^^f^ Xa[jpd(VExai ano xir]v Excppaor] 
Yia XT^2 Th axov Ilivaxa 5.4, avxixa-diaxcovxac h [d£ H {x] A xai cos2t [is 1). Fia xr] auvEiacpopd axr] 
flfjf-* ano xdcde^ia ano xic nevxe SiaSixaaisc ^'^o higgs axr]v xeXixt] xaxdaxaar] (axov Hivaxa 5.3), svac 
YEvixeu^evoc xiinoc ^inopei va SotJei: 

Afe Ag _^ 4Ai _^ 4A2 

4 - 4 - m'jj m'jj^ + m'jj^ - '2,rh\^ — 2 m|^^ + m^jj^ — 4 

onou xa Hp, Hg 8r]Xuvouv xa /i, H, A, H~^, H , o napdYovxac 1/2 napatjevsi [iovo oxav undp^ouv xauxoxixd 
awtjaxia aTr]v tsXixt] xa-aa-aai] xai Ta autjSoXa A/j, A^f , Ai, A2, Ac avTiaTOi)(ouv ae SiaYpd^^iaxa EvaXXaYrjc 
s{h), s{H), t{fi^2) i'f] u{fi^2)), c axov Hivaxa 5.3 xai Sivovxai axov Ilivaxa 5.5. 

Ta £[ifpavi^6[isva aufiPoXa g axouc HivaxEc 5.4 xai 5.5 avxiaxoixoOv ae Sidcpopouc xo^pouc aXXr]- 
Xsni8paor]c [J£ xa aXXr]X£ni8p6bvxa awtadxia 8r]X6otjeva wc Seixtec- Oi sxfppdoEic xouc Sivovxai aTO ES. 
B'.3.2 xou Ilapapxii^^axoc B', onou EXxMEvxai oe SiaYpa^^iaxixr] ^lopcpr] xai 01 yipr\a\.\io-!io\.o\j\j.z\)o\. xavovEc 
Feynman. 
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nCvaxaq 5.6: AiaYpcx[ji[jiaTa 'EuyyE\>\.XT]<; KaTaoTpocpi^q II 



KaTaCTTotoeiq 


ICocvocXioc 




X e>/\L A f J 


s^t\i\ f j/\c> J f J V 


XeR 


eft, eH, eZ 


s(e), i(e_Rj 




ej 


s(e), t[eR) 




ee 


t{x), u(x) 


eRe*R 


hh, hH, HH, ZZ 


s[h), s(H), t[eR), u(eR), c 




hZ, HZ 


s(Z), t(eR), u{eR) 




hj, Hj 


t{eR), u{eR) 




H+H~ 


s{h), s{H), s(7), s{Z), c 




W+W~ 


s{h), s{H), s(7), s{Z) 




H+W- 


s{h), s{H) 




77, 7Z 


t{eR), u{eR), c 




tt, bb 


s{h), s{H), s(7), s{Z) 




Tf 


s(/i), 5(7), s{Z), tix) 




uu, dd, ee 


s(7j, s(Z) 




vv 


/ v^ 
s(Z) 


heR 


re 


tix) 


he*R 


re 


tix) 




e/i 


tix) 


eRii*R 


Tjl 


tix) 



Aev Sivovxai, 01, avaXuxLXEc; EXcppdoEic; tuv auvEiacpoptJv axo auvTEXEax/i afafj of^^o '^'■Z ^la^ixaaisc, [is bb 
xai Tf aTic; tsXixec; xaTaaTdasic; sneiSr] sivai ttoXu ^ixpsg. EvtoOtoic;, autJTiepiXatjpdvovTai aTO apiiJtjriTixo 
Tipoypannoi- A5ioar][J£iWTO elvai otl 01 auvELacpope? omo tic; SLOiSLxaaie? \iz teXixec; xaxaaToiaEK; uu, dd xai 
ee OTO ouvTEXEaTT] af^f* \xifizV\L,ovTa\.. Oi SLaSLxaoiEc; auTE? ouvELocpEpouv ^ovo oto ouvTEXEaxr] 6f2f|. 
Eniarjc, Y'-Of "ouc; auvTsXEaxsc 6jj (ij ^ xx); 01 otioioi, autJT:£pi,Xa[a8d(vovTai oto apifttariTixo Tipoypan^'Q') ^s'*' 
TiapE/ovTai avaXuTixEc; EXcppdoEi? yiaxi 01 auvEiocpopsc touc; oTr]v Jeff Eivai, yevixd, a^EXrjTaiEi;. 

5.5.3 EvspYEt; Aiaxo^Et; SuYYEVixn^q KaxaoTpocpn^q Bino-Stau-Selectron 

Ee TiEpLO)(Ec; Tou napa^ETpLXoii xtjpou, otiou Xa^pdvExai, tan/3 < 15, cpaivo^Eva SuYYEvixy^c; KaxaaTpocpy]? 
^E xa sleptons t«v EXafppcov oixoyEVEicav cr, e^, /ijj, /i^ xdvouv Tr]v Efifpdviaii^ xouc xai yi\o\Ta\. tiio 
aicydriTd oao ^EicjvETai, r\ T\.\j.i\ tt]? tan/3. Kai auxo, Slotl t] ^i^rj tuv fi — 72 y'vETai acrdEVEaTEpr] xai 8ev 
EivaL Lxavrj va EXaxTUOEi tt] ^d^a tou T2 apxouvTUc;, uote va PpioxExai oe a-KOOTaor] aTio xa down sleptons 
Tcov upcoTCOv oixoYEVEiwv, T] onoia va E^aacpaXiC^Ei oti auxd 8ev au[i[iET£)(ouv axo [ir])(avia[i6 ttjc SuYYSvixrjc; 
Kaxaoxpocpr]?. Eho^evclx;, oTr]v e^iouot] Boltzmann r\ TiuxvoTrjTa apLiJ^ou ^etexwvtwv ow^aTLSiwv, Eivai: 

n = + + rif • + ne„ + + ngj^ + np,-^ , 

xai K] Sptbaa EVEpYoc; SiaTO^V] aTr]v E^. (5.24) y\.a v ~ Wy, YpdcpExai: 
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+ 2 X 2 X 2((Tf2g„ + (Tf^e-'Jrf^reji + 2 X 2((Tg„,-,„ + cre„p-^)re„re„ ■ (5.96) 

onou xa SivovTai, aTio Tr]v E^. 5.26, avTLxa^LOTUVTac; i = X,f2,f2,eR,e*j^,iiR,ix*f^ xai = 2, 1, 1, 1, 1, 1, 
1 avTLOToixa. Oi etiltiXeov TiapdiYO'»'''^E? 2 nou xMEvxai aTr]v ■KporjYoii^iEvr] ocpEiXovxai, axov excpuXLo^o tuv 

H TioooTrjTa Jeff PpioxETai ajio Tr]v E^. (5.83) a'&poiZ,ovxac, otic; E^r]C ofidSec («j) = (xx), (xO ^Q'^ (ZZ^*') 

~ ^f-if-i + df-if* + C'CReR + ^srSr "I" ^f-ieR + '^r2ejj + ^CRfiRO'eRfi'^ 

Oi Tioa6Tr]Tec; J("j), "/("jj) UTioXoytCovToti, xpr]ai^oTioiCjJVTac; tlc; E^. (5.85), (5.84) tlc; ayzxoiic, axa^epEc; 

C(y) = 1, 4, 2 yia («i) = (xx), (xO xc"- C^^'*^)- 

Ta SiaYpannaxa Feynmann nou iiEpLXa^pdvovTaL otov uti:oXoyi.o^6 tic; EvepyEc; Siaxo^Ec; [xz apyixsc. 
xaTaoTaasic,: 

• XX) X^2, 7^27^2, 7^27^2 avaypdcpovTai axov Ilivaxa 5.3. 

• XSi?, eRCR, eije^j Xafipdvovxai aTio xa npoyjxo'jy.eva xdvovxac xic avxixaxdaxaasic 72 cr, t ^ e 
xai a^eXtbvxac; xr]v evaXXayi'l Q(vxiaxoL)(Ec; StaSLxaaLEc;. 

• f2eR, T2e|j, eufiR, enfi'^ xai xeXlxec; re, re, e/x, e/i avxioxoL/a, TipaYM°'''^°^°''°'^"^''^°"- M^^" X 
EvaXXayr]? axo i-xavdXi. 

Ta STiuXeov Siaypdiatjaxa avaypdcpovxai axov Ilivaxa 5.6. Aoyw xcov snmpoa'dExcov auxcov 8iaYpa[i[adT6)v, 
npoxunxouv xai etiitiXeov ouvEiocpopEc; axouc ouvxeXeoxec fljj. EiSixoxEpa, oi auvEiacpopsc ano SiaSixaaisc 
ap/LXEc; xaxaoxdoEic;: 

• X^2, f2f2, T2T2 avaypdcpovxaL oxov Ilivaxa 5.4. 

• XSi?, grCr, eRe*ff Xa^pdvovxai xdvovxac; xr]v avxLxaxdaxaar] f2 — > cr xai a^eXtbvxac; xr] ^ii^r] xuv staus 
xai XY] [id^a xou r axo xunoXoyio xou Ilivaxa 5.4 xai axa £[ifpavi^6[isva exei g aii^poXa. Ar]Xa8i(], 
TipsTisi Cr = 1, Sr = 0, = oxouc xOnouc XOU Ilivaxa 5.4 xai xou E8. B'.3.2. 

• f2eR, f2e*R, eujlu, enfi'^ avaypdcpovxai oxov Tiapaxdxu Ilivaxa: 



ntvaxaq 5.7: Suveiocpopeq OTOuq SuvTeXeoTeq a,j 



AiaSixaaia 


Suveiacpopa oto SuvTsXeaTi] 


^2e_R ^ re 


e4y^c2m|(TOg„ +mfj2/ 
87rc^TOgRmf2(m| + mg^jmfj 


f2e|j -> re 


e4y^2y^g2^(^.^ ^ ^.J2/ 

87rc^TOg^mf2(m| + wg^mfj 




e4y4m|/27rctl]2 




e^yim?^/127rctS^ 



onou Se = m| + [i£ mg^ va sivai r\ xoivr\ [idCa x«v 8sci6oxpo(pcov sleptons e^j, /iij x«v npcoxwv 
YEvetbv xai ^^(Ji) = ~l/2(— 1) xo UTiepcpopxio xuv apiaxepoaxpocpuv xai Se^ioaxpocpuv Xenxoviuv. 



5.5 Ecpapytoyri ae LSP yiopcprjz Bino 
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5.5.4 SuYxpiar) ATcoTEXsajjidTtov 

Ta aTioxeXeafiaTa t;ou T:apouaidaTr]xav axa E8. 5.5.2 xai 5.5.3 TiporjX'Oav ano evSeXexi'^ heXett] xai a^- 
ioTioiir]ar] tou Tiapapxii^fiaTOC Tr]C Av. [64]. Suyxpivovxac; xa aTioTEXEa^axa auxd, Tot avTiaTOL)(a tt]? 
Av. [64], ^Tiopoiiv va ETi:Lar]Hav^o6v xa axoXou'da: 

a. OuaLtbSr]? Siacpopd xr]? avaXuai*]? ^ac; auxi/] Tiqc; Av. [64] elvai otl au^TiEpLXa^pdvETai r\ avd^i^r] 
T«v fi — f2 Tiou svioxe (yia tan/5 > 15) aufiPaivEi va sivai noXu ar][iavTixii^. BsSaiwc;, r] avd[ii5r] t«v 
eXacppoTEpwv olxoyeveicjv a^sXeLxaL xaL axic; 86o upoaeYY'-'^E'-?- Aoyw xr]? avdfii^T]? tcjv fi — f2 o 
unoXoYio^oc; ^ac; (oe avTMeor] auxov tt]? Av. [64]) ou^nEpLXa^pdvei.: 

• Neouc; 8[auXouc; Q(XXr]XeTii8paar]c [le evaXXayr] tou fi awfiaxiou axic; ■KepiaaoxepEc ano xic "dsco- 
pou^evEc; SLaSLxaoiEc;, ol otioioi ■KpayH^'™''^'^'-'^'-'"''™'' M^''" avTioTOL/uv g ou^poXuv (fffifjZ) 

• To 8idYpa[J[Ja enafp-f]^ (c) ott] 8ia8i.xaaia f2-f| W~^W~ \dia(x> xou au[ip6Xou <7f2f2iv+iv- • 

• 'Opouc avdXoyoucTWV c^, as 8id(popa g ou^poXa {gh[H], Qf^f^z, Qf^f^hhlHH], Qf^f^hH, gf^f^AA, 

9f2f2H+H-)- 

p. Aoyu Tuv eviOTE (tan /J > 15) u(];r]Xwv (leu^euv Yukawa o uhoXoylo^oc [iOiC (as avTMsar] autov 
XT]? Av. [64] ) ou^TiepiXa^pdvEi: 

• Su^poXa g avdXoya xuv [ia^uv xuv cpep^ioviuv xr]? xpixr]? yEvedc;, m,-, mt, {gAi, 9h[H]TTj QAtt)- 

• 'Opouc; avdXoyouc; xuv ^a^tov xuv (pep^ioviuv xr]? xp[xr]c; yevEdc;, as xdnoia dXXa g aO^poXa 

{9h[H]l^ 9h[H], 9f2f2hh[HH], 9f2f2hH, 9f2f2AA, fffafaiJ+J?- )• 

• To 8iauXo aXXr]X£Tii8paar]C s{t) axic 8ia8ixaaiEC tA, rh xai tH. 

• Touc 8iauXou(; 0(XXr]XETii8paar]c s{h), s{H) axic, 8ia8ixaai£c 72X2 bb xai rr. 

y. TuTioypaffixd XaiJr] xai TiapaXr]([j£ic axo Tiapdpxr][ia xr]C Av. [64] £)(ouv irpoaexxixd eiriiaT^iJavds'. xai 
8£v aufinepiXa^pdvovxai axo xunoXoyio nou Ti:apouaidaxr]X£ xai axo api'd[ir]xix6 npoypafifia tiou efpap- 
^o^Exai. EvSsixxixd (/prjai^onoiuvxac; xai xo au^poXia^o xou EvXoyu Tiapapxiri^axoc;) avacpspexai 6x1 
axic; 8ia8ixaaiec;: 

• ff* — > rf , //, ti o 8s6x£poc noXXaTiXaaiaaxixoc; Tiapdyovxac; axa a6^poXa /3c xai /3d nou 
avaSuExai ano xr] Z.zu'iri Z- fermion-fermion npenEi va 8ia'd£XEi oxov napovo^aoxir] xov opo 
4cos^w xai oyi xov avaypacpofisvo 4cos^^w otiuc; eiripepaicovexai xai oxr]v E^. (C.62) xr]C 
Av. [13]. 

• ff* hH 8£V au^TiEpiXa^pdvexai xo M-xavdXi /upic; auxo va ocpeiXExai oxr]v \iy] ^euprjor] xr]? 
avd[ii^r]C fi — f2. 

• ff* hh o Tipwxoc TioXXanXaaiaaxixoc; napdyovxac axo aufiPoXo f^, tcou avxiaxoi)(£i axo oixsio 
ou^PoXo gn TipsTiEi va nepiexei cos(a + ^) xai oyy sin(a + /3). 

• ff* HH, H~^H~ o Tipcoxoc TioXXanXaaiaaxixoc; Tiapdyovxac; axo aufiPoXo /i, tiou avxiaxoixsi 
axo oixeio aO^poXo gH TipsTisi va Ti£pi£)(£i cos(q! + P) xai o^i sin(Q! + /3) xai va Tipoari^iavdei 
avxi^exuc;. 

• ff * — > HH, H~^H~ o Tiptjxoc; TioXXaTiXaaiaaxixoc; Tiapdyovxac; axo aii^poXo /2, tiou avxiaxoixei 
axo oiXEio aOfjBoXo gh TipsTiEi va Tipoarj^iavdEi avxii^Exuc;. 

• XT — )• T7, Th[H], tZ 8ia'dExouv xr]v average xuv ap^ixuv otiiv jia xo x 'f] ^'^* ~^ '''t 
8e 8ia'd£xsi xov Tiapdyovxa 1/2 tiou TipsTisi va au^TiepiXiricpiSEi Xoyco xwv xauxoxixcov xeXixcov 
xaxaaxdaEUv. 

EufiTispaafiaxixd, o UTioXoyio^oc; tiou Tiapouoiaoxir]XE oxa 8uo Tipor]You[i£va E8d(pia £)(£i TioXXaTiXuc; 
eXeYy^dei xai Tiiaxsusxai 6x1 Tiapsxsi a^ioTiiaxa aTioxeXsa^axa ^^a oksc, tic, SuvaxEc; xi^Ec; xr]? Tiapa^Expou 
tan/3 xai yia LSP ^opcpr^c; bino, pepaiw?. 



KecpciXaLO 6 

MSSM ^£ evoTioCrjar] Yukawa 



6.1 EiocrfOiyq 

Ano Trjv 7iXrit)a)pa exSoaewv tou MSSM, EniXeYETai xai ixsksTaTW. [xia tiou TipoepxExai and tt] au^su^r] tt]? 
SUSY \iia o^dSa [dsjakriQ EvoTioiriar]c;, tiou upopXenEi EVOTioiir)or] tcov (Ieu^euv Ba'djiiSac; xai Yukawa. 
Mia aOvTO^T] aiTioXoyriar] Tr]C £n:iXoYr]C [Jac auxii^ ywexai axo E8. 6.2 xai enovTai oi apii5[ir]Tixec; efpaptaoysc- 
Sto E8. 6.3 xaxaSeLXvOeTai r] upoioOaa EvoTioir]ar] xai axa E8. 6.4 xai 6.5 ^eXeTtovxai xa Tiapafiexpixd xai 
(paLvo^EvoXoYLxd xQtpaxt'npi-oxixdi xou upoxOTiou. AxoXou'dsi T] ecpap^oYV] xou axo Tip6p'ky]y.a xr]<; Exoxsivrjc; 
'TXr]C, oxo E8. 6.6. SuYxevxpwxixd, xa autJTispdafiaxa xr]? ^eXextjc; xou upoxuTiou auxou, nou upospxovxai 
ano xa api^^r]xixd eupii]^axa xuv Av. [44] xai [72], xaxaypdcpovxaL oxo E8. 6.7. Sxo xEXsuxaio E8. 6.8 ytvexaL 
^La 8iepE(Jvr]ar] xuv 8uvaxoxi(]xuv 71:01) SiavoiyovxaL av T] aTi:a[xr]ar] xr]? evoTi:o[r]ar]c; Yukawa EYxaxaXEicpiJEi. 

6.2 SUSY-GUT £vojioir]ar] Yukawa 

Mia aixioX6Yr]ar] xr]c STiiXoyi^c [isXsxr]c svoc SUSY-GUT [is Meyakt] ofidSa aufifisxpiac G xr]v 50(10) 
xrjv i?6 ETiixei-pe^Tai napaxdxw. SOficpwva [ie xic Av. [65], [66] xai [67] as xexoia npoxuTia : 

• Kai 01 xpei? aXXr]XETii8pdo£i(; xou SM evonoiouvxai ^la anXr] o^dSa Lie. EtiitiXeov, x] SUSY Xuvei 
xo Ti:p6pXir]^a xr]? ispap/iac; avd^eoa oxr]v EWS xai oxir]v GUT xXi^axa evEpyeiac;. 

• Ta 15 cpsp^iiovia xd^e y^veac; xou SM ouv Eva Se^iooxpocpo vexpivo SiEu^exouvxai oixovo^ixd oxr]v 
16-8iaaxda£wv ajiivopiaxy] avanapdaxaar] xr]C 50(10). IlapEviJExixa £Tiia"r|tja[vexai 6x1 x] XP'H'^i'l 
opou 50(10) yivexai xaxa)(pr]oxixd xai avacpepexai oxr]v xaXuTixouoa (covering) o^dSa xr]? 50(10), 
xr]v spin{10) o^dSa tiou Sia^exEi xt] cyKivopiaxi/] avaTiapdaxaar]. 

• To singlet vexpivo superfield(s) iSf^ [iTiopei va avanxu^ei ^la Majorana ^d^a oe noXu [dSYaXec, 
EvepYEiec; ~ 10^^ — lO^^GeV. Suv8ud(lovxac; auxrj \ie Tt] ouvr]'dio[iEvr] Dirac [id^a nou ^-Kopei va 
avanxO^ei xo vsxpivo, ohrijeizai xavEic ae [id^EC Y'^o' apiaxEpoaxpotpa vExpivo xr]c; xd^rjc; xuv eV, 
Ev(x> xa Se^iooxpofpa vexpivo Tiapaficvouv aTiapaxr]pr]xa, ^caw xou ^r]xavia[iou xr]c xpa^ndXa? see-saw. 
Oi Xa^pavo^evEc; ^d^Ec; yia xa VExpivo ^nopouv EuxoXa va PpEiJouv oe ou^cpuvia ^e xa SsSo^Eva ano 
xa TiEipdfiaxa yia xa r]Xiaxd xai axfiompaipixd VExpivo. 

• TndpxEi [Jovo [Jia Csu^'H Yukawa avd yevsa ottoxe TipopXcTiexai £voT:oir]ar] Yukawa as GUT xXitJaxa 
EVEpYEiac. Ei8ixd auxo acpopd T"r|V TpiTT] Yevsd, aXXd tJTiopei va ei^Exxa'dEi xai axic eXacppoTSpec; yeveec. 

• H napd^Expoc; tan/3 8ev Eivai EXEUiOEpr], 8ev EiadYExai auiSaipExuc; oxo api^^r]xix6 npoYpafifia npo- 
aoy.oictiar]c., aXXd npoaSiopi^Exai ano xr]v aTiaixr]ar] xr]? EvoTi:o[r]ar]c; Yukawa. Eho^evuc;, xa npoxuTia 
auxd E/ouv xo npovo^io ^lac; XiYoxEpr]? avE^dpxrjxr]? ^ExapXr]xir]c;. 

• H 8iax-f]pria'r] x'r]c; i?-parity Eivai [iia cpuaixi*] auvEiiEia xr]C aufifiExpiac Pa'd[ai8ac; xou TipoxuTiou au[j(p«va 
^E xr]v Av. [68]. 'Oxav y] 50(10) oTidEi, [isaw [Jiac opia[i£vr]c avaTiapdaxaar]c xwv n:E8icjv Higgs, r] 
J?-parity T:apa[aev£i 8iaTr|p"r|ai[jT] ax6[ia xai axr]v rjXEXxpacrdEvr] xXi^axa EvspYEiac;. 
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6.3 EvonoLrjarj Csu^etDV BoadyiLSac; xai Yukawa 
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• H papuoysvear] gto upcoifio Eu[J7iav \mopei va sZr]Y-r]dsi auvsTisia twv SiaoTidoewv twv Se^- 
loaxpocpcov VETpivwv nou exouv SpanETEUoEi ano tt] 0AI tou xoo^ixou peuoxou. 

Eu[jT:£paa[iaTix6(, xa TipoxuTia SUSY-GUT evoTioirjor] Yukawa e/ouv au^r][isvr] TipopX£(Jji[i6Tr]Ta xai. 
lo/upo xa^opio^o. STir]v ^eXetit] tiou axoXou^rjoEi ywovxaL ol axoXouiJEc; uno'dEOEi.c;: 

• 'Eva upoTUTio SUSY GUT ^e \iia Ceu^t] Yukawa ava -xsvEa Eivai lo/upo oe xXi^axa EVEpysiac; M > 
Mg. 

• H o[ja8a aufifiExpiac G xaxappsEi [isau xdtTioiou [irjxaviafiou aTrjv 0[ja8a tou MSSM oe xXi^axa 
EvepYE'.at; M = Mq- TiiOTi'dETai nayxoaijiOTriTa twv SBT, okwc; t}a ectiY'I^el oto E8. 6.4. 

• H r]XEXTpaa'dEvir]C aufifiExpia xaxappEsi [isow xpavxixwv SiopiJwaEwv oe xki\iaxa EvspyEiac M = Ms- 

Me tic; UTioiJEaELc; auTEc;, to fpdafia tk]? iJEupiac; xai oi (paLvo^EvoXoyLXEc; xai xoa^oXoYLXEc; napd^ETpEc; tou 
TipoTUTiou ^EXETUVTai OTT] auv£)(Ei.a TOU XEcpaXaiou. 



6.3 EvoKOLYjoir] J^eu^stov BoO^CBac; xat Yukawa 

KotTioia xapaxTTipiaTixd tou apii5[ir]Tixou Tipoypaf-if-iaTOC tiou )(pr]ai[iOTi:oiEiTai yi^Qt tt]v uXonoirjar] ttjc evotioi- 
y]ar]c. tuv ^eu^euv Ba^^iSac; xai. Yukawa SivovTai avTioTOL/a oTa E8. 6.3.1, 6.3.2. 



6.3.1 EvoTioCYjaY] J^eu^stov Ba'djjiCSac; 

Mia ajio Ti? or]^avTixE<; etiltux'-EC ttjc UTispautafiETpiac; Eivai t] etilteu^t] tilo axpipouc EVOTioirjar]? tuv (Ieu^euv 
Ba'dfiiSac, ano auTrjv nou to [jt] UTiEpautatJETpixo SM ETiLTuyxotvE. TndpxEi, SrjXaSr], ar][aEio oto on:oio oi 
Ceuceic; Ba'dtjiSac; twv laxupwv, aaiOEVcov xai rjXEXTpofaaYvrjTixwv svoTioiouvTai [je ttoXu xaXr] axpi3£ia xattwc; 
E^EXiaaovTai [is tic, s^iachaeic, eTiavaxavovixoTioir\ar]c. (: RGE) aiio xXifiaxa X'^J-'^]^'^'^ EvspyEiac oe xX'.[Jaxa 
u(jjr]X6TEpr]c EVEpyEiac;. To arjUEio auTo xaiJopiCETai ano Tr]v Tifir] Tr]c EvspyEiac; tou, Mq xai Tr]v TifJT] T'r]c; 
(EvoTioiritJEvrjc;) l,euZi]z, go- 

npaxTixd, OTO api-dfiriTixo Tipoypa^^a tiou xaTaoxEudoTr]XE, oi RGE TpEXOuv aTio xXi^axa u(Jjr]Xir](; 
EVEpYEiac }de apxiXEc; ouvdir]XEc; utio^etixec;: 

giiMa) = 92{Mg) = gsiMa) := go ■ (6.1) 
OTiou OL oTaiSEpEc; Z,e\)Zr]c. oxETiCovTai ^e tic; avTioTOixE? t^ou ■KapouoLdoTir]xav oto KEcpdXaio 2 wc; E^rjc;: 

= yfsiW, 5(0 = 52(t) gait) = gait) 6tiou i = InM (6.2) 
aTio Tic; OTioLEc; UTioXoyiCovTai oi avTioToixE? OTa^EpEc; Xeti:ti(]c; ucpy^c;: 

ai{t) = OTOU J = 1, 2, 3 (6.3) 

^E M, Tr]v xXi^axa EvspyEia? tiou Eivai xai r] avE^dpTr]Tr] ^ETapXr]Tii] otic; RGE. 

Ol RGE TOU MSSM oe etiltieSo 2 Ppoxuv E^EXiooovTai aTio Tir]v xXi^axa EvoTi:oir]or]c;, Mg H^XP'' 
EvSidfiEor] xXifiaxa auyxpiaifir] [is Tr]v Tipovofiiaxif^ tiou exei opioTEi aTr\v E^. (3.1) xai ott] auvsxEia, 
Sivouv TT] "dEor] Touc; otic; RGE tou SM oe etiitieSo 2 ppox^v tiou ouvexi^ouv Tr]v e^eXi^k] t-isxP'- ""^iT^ xXi^axa 
Mz- Se auTiT] Tir]v xXi^axa UTioXoyi^ovTai oi ETii^iaxEc; tiooottitec; 



3ai(Mz)/5 
3aiiMz)/5 + a2{Mz)'- 



3|y(Mz) = - aemiMz) = 02 (Mz)s^j, (Mz) , as(Mz) = 03 (Mz) (6.4) 



Xpi^oi^oTioiCjbvTac; tic; E^. (2.20). ETiiSitoxovTac; va ETiiTuyxoivovTai OTr]v EVEpyEia Mz 01 TiEipa^aTiXEc; ti^ec;: 

aemiMz) ~ 1/128, s2^(Mz) ~ 0.232, (6.5) 
asiMz) ~ 0.12, OTiou Mz~ 91.18 GeV, (6.6) 
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MSSM iJ£ evonoLrjarj Yukawa 
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SxTll-iot 6.1: H e^eXL^rj t6jv CeuJewv BocdytiSaz yia Mg = 1 TeV. 



xaiJopiElETai t] xXifiaxa GUT, Mq ~ 1-5 x 10^^ GeV xai t] Tiij-r] ttjc; £vo7ioir][i£vr]c Ceu^tjc eta ~ 1/25.2. 

Oi xpi^oi^OTioioufiEVEC RGE axo apii5[ir]TLx6 Tipoypa^if-ia Sivovxai axo E8. A'. 2. Stoxoc; tou Tipoypa^'M'^" 
Toc; 8ev eivai r] EXTeXeor] eXeyxou axpi.pEiac; tiqc; evoTi:oir]oir]c;, aXXd t] )(pr]oi^OTioiir]ar] tuv a-KOTEXEo^dxuv yi^a 
Tr]v 8i£ps6vr]ar] cpaivofievoXoYixcov xai xoaiJoXoyi-xcov ouvstieicov tou MSSM. Mepixd svSsiXTixd moTzXea- 
[laxa Twv EniSoaECJv ^lac napouaidt^ovTai axov Ilivaxa 6.1, evcj ^iia avTinpoawTiEUxixr] sixova evoTioir\ar]Q 
SivExai OTO E)(. 6.1. 

6.3.2 EvojtoiT]aif] J^EU^eoiv Yukawa 

EvoTi:oir]or] Yukawa ar][iaivEi. otl oi aou^nTUTLXEc; ti^e? (oTr]v xXi^axa Mq) tuv (Ieu^euv Yukawa Xa^pdvouv 
Tir]v iSia Ti^r], /iQ. Su[iPoXixd: 

/li(MG) = /li(MG) = KiMo) := ho . (6.7) 

Oi xprjaiijOTioiouiJEVEc; axo apit>[jr]Tix6 i:p6Ypo([J[JO( RGE tou MSSM ae ettitteSo 2 pp6)(wv SivovTai axo 
E8. A'. 2. Oi RGE xou SM, 6[i«c xP''T^'-l-'o''^o'-o'-'^''^°"' '^^ etilheSo 1 Ppoxou. O upoaSiopiafioc xrjc cxTiaixou- 
[levTiz apxLxy]? auv^y^xr]? /iq y''*'^™'' e^i'l?: 

• AivExaL apxLxd ^iia SoxL^iaoxixrj xl^t] < /iq < 1 

• Me xr]v xijar] auxr] coc apxixn] auvdr^xr] xo TipoYpafJtJa psEi uc; xo Ms XOvovxac; xic; RGE xou MSSM 
xai axr] auvEXEia ^lEXpi. xo Mz Xiivovxac; xlc; RGE xou SM. 

• EiadtYovxac axo Ms, xr] [idcia mr{Ms) = 1.78 GcV, Xa[jpdv£xai. [dia Ti\ir] "Xict xir]v /3 ^eou xr]? E^. 
(2.59), Exovxac; SeSo^evo ano xr]v e^eXl^t] xuv RGE xo hr{Ms). 

• Me xr]v xifiif^ auxy] xr]c /? upoaSiopi^Exai r] [id^a mt(mt) [isaw xr]c E^. (2.59), XP'H'^'-Moiioiwvxac [iia 
ETiavaXr]Tixixy] auvi5rixY] axo upoYpai-iIJa nou "da E^aacpaXi^si xy]v xaux6xr]xa auvdpxr]ay]c; xai opioijaxoc;. 

• Av xo E^aYCo^svo yia xr] ^id^a mt{mt) Eivai ^Eaa axa opia xr]? E^. (3.21) r] SiaSixaaia axa^axd, 
EiSdXXuc; EnavaXa^pdvExai. 



6.4 napa[j£TpLxi] /jeAet/j 
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nCvaxaq 6.1: Evonoi7]07] J^eO^etov Bad[jii5aq xai Yukawa 



sign// 


-1 


-1 


-1 


+ 1 


Ms (GeV) 


850 


1130 


1380 


2550 


MeTapXTiTsq EiaoSou 


Mg (IQie GeV) 


1.55 


1.394 


1.123 


8.92 




25.13 


25.23 


25.28 


25.61 


ho 


.0668 


.660 


.658 


.65 


mAMs) (GeV) 


1.99 


2.01 


2.018 


1.76 


MexapXTiTSc; E^oSou 


asiMz) 


.1203 


.1208 


.1207 


.12059 


slv{Mz) 


.23106 


.2307 


.2308 


.230 




128.016 


127.7 


127.12 


126.69 


tan 


46.28 


45.96 


45.89 


52.8 


int{mt) (GeV) 


166.006 


166.026 


166.038 


166.006 


m^(Mz) (GeV) 


4.42 


4.42 


4.40 


2.38 


m^(Mz) (GeV) 


1.743 


1.744 


1.742 


1.741 



H SiaSixaaia [iTiopei va psXTLU'dEi av au^TiEpLXr](p^o6v ol SLopi^tbaEic; axo rrir Paor] to xunoXoyio tou 
E8. 3.3.3. 'Otiots y] [ioZol tiou tetJei as xXi^iaxa Ms Sev EivaL 1.78GeV aXkoL xoar] oor] xpet-a^exai, waTE 
[jExd Tr]v T:po(Tt>7]xr] t«v Siop'dcoaswv aiio Tr]v E^. (3.23) va y'-VETai iar\ [is Tr]v Tisipafiaxixd TipopXsTiofisvr] 
Ti\ir] TT]? E^. (3.24). Suvax6Xoui5a [ieTapdXXsTai xai r] Ti^r] tiou eTiLTuyxdvExaL yi'Q' "fl^ tan/3, acpou oi 
SLopiJuoEK; Tr]C (3.23) exo*-*^ ™ Tip6ar][io tou SuyxExpi^iEva: 

• 'Otmv h < 0, XajapdvETai 46.3 > tan/3 > 45 

• 'Otmv h > 0, Xa[a6dvETai 53.5 > tan ,5 > 51.7 

xa.-d(x>Z TO niA ^ETapdXXETai oto 8idaTr][ia lOOGeV < ttia < 700GeV. Xwpic; Tr]v siaoLYCoyi] tcjv 8iopt)coaE«v 
TOU T, xai OTIC, Siio Tipor]YOU[iEVEc nEpiTiTtbaEic; Xa^pdvETai: tan/3 ~ 52. napaSs'-YlJOfTa uXoTioir]ar]C twv 
iSecov auTCOv xaTaypdcpovTai otov Ilivaxa 6.1 onou EXT^EVTai [jEpixd aiio Ta EiaayofiEva xai Ta E^ayofiEva 
TOU Q(pi,i}^r]Ti,xou npoYpdfjfiaTOC. MEpixd omo Ta cpdaijaTa iiou xpi'loi[iOTioiir]'dr]xav jia tov uhoXoylo^o twv 
ml{Mz) xai m^Mz) TiapExovTai otov Ilivaxa 6.4 [je ari[aEio avacpopdc Tr]v Tifir] ttjc tan^ xai to sign/x. 
Mia avTiTipoowTiEUTixr] Eixova EvoTioir]ar]c t«v ^eu^ewv Yukawa SivETai oto Ex- 6.2 [je Mg = 1 TeV 

To TiXEovEXTrina auTt^c; tt]? upoasYYi-cyi'l? Eivai oti T] Tiapd^ETpoc; tan /3 Eivai anoTEXEa^a tt]? aau^TiTWTixyic; 
ouvi)rixr]c; nou ixavonoiouv oi ^eu^eic; Yukawa xai 6xi [iict zkzudspr] napd^ETpoc; tou upopxyj^aTOc;. Meiovex- 
Tr][ia Eivai oti UTidpxEi Tip6pXE(|)r] jia tt] [dolia tou b quark, r] onoia xaTa xavova E^coi5EiTai xovTd aTa avuTEpa 
■KEipa^aTixd TT]? opia tt]? E^. (3.18). Fia to "dE^a auTO "da y^vei SiE^oSixrj avaXuar] oto E8. 6.5.1. 

6.4 napa^sxpLxiq ^sXexr] 

'Oticoc (pdvr]XE aTio to E8. 6.3, r] anaiTrjar] ttjc; EV07ioir]a"r|C; twv Ceucewv paiJtjiSac; xai Yukawa auvEnixoupou- 
[iEVT] aTio Ta nEipa^aTixd SESo^Eva -xia Ta aemiMz), s'w xof'- "t-C [JdCsc; twv 9Ep[iioviuv i, r, TipocySiopiCEi 
nXflpccxi T-r]v e^eXi^t) tou TipwTou auvoXou t«v RGE. To SEUTEpo ouvoXo t«v RGE eXeyxe- ~"1v e^eXi^i^ twv 
SBT. Ol xpiT^'-l-'OTioioufiEVEc; oto apnJfiriTixo upoYpa^^a RGE tou MSSM oe ehiheSo evoc; Ppoxou SivovTai 
OTO E8. A'. 3. Xpr]oi^OTioiouvTai TiaYXoafiiEC (universal) apxiXEC a\jvdr]xsc. xai 8r]: 
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SxTltAa 6.2: H e^eXi^rj tcov CEufetJV Yukawa yia Ms = 1 TeV. 



• Mia xoivY] \ia.Z,a yi-a ta gaugino, Mi/2- SuyxExpL^Eva, 

Mi{Mg) = M2{Mg) = M^{Mg) = My2- (6.8) 

• Mia xoivr] [id^a xa paiJfiWTd neSia, ttiq. SuYxexpi^eva, oi aau^niTCJTiXEc auvi}r]XEc;: 

— Fia Tic; papiec yz'^zi-Q, eivai: 

mL^iMo) = mQ^iMo) = m^„(MG) = mt^{MG) = rrn,^{MG) = mo. (6.9) 

— Fia Tic; sXacppec; yevEEc;, eivai: 

mi^{MG) = mg^iMc) = me«(MG) = m„„(MG) = mdH(MG) = mo. (6.10) 

— Fia Ta Higgs, eivai: 

mff (Mg) = rriHiMG) = toq- (6.11) 

• Mia xoivK] TpiYpoiUMixr] ^syj^t], Aq. Fia tic Pap'-EC y^veec, oi aaufiTiTWTixec; auvdy^xsc; eivai: 

At{MG) = At{MG) = Ar{MG) = Ao. (6.12) 



Fia TIC sXacppec jsveez, oi aauiJTCTWTixEc auvi5r]X£c sivai Tipofpavtbc rcapofioiec, aXXd aTr\v Tzpoaijjiar] 
Tioxj ecpap^o^ETai, Ta cpepfiiovia twv eXacppwv oixoysveicav va "dscopoOvTai d^a^a, r] e^eXl^T] tuv 
Tpiypa^^ixuv ^Eu^euv tuv sXacppuv yevEuv xa^ioTaTai d/prjoTr]. 

H X6ar] twv Siafpopixcov E^iatbaewv ywETai api-dfiT^Tixd [je XP^'^^i Mathematica (Av. [69]). H oXox- 
Xy^pwar) Tou auaT-f]tJaToc; twv ec'-CTwaswv auTwv y'-vsTai aTio xX'.tJaxa evspYEiotC Mg [JSXP'- ^^'^.5- auTT] Tr]v 
xXi^axa EvepYSiac PpiaxETai r\ napd^ETpoc /i xpi^ai^oTioicjVTac Tr]v E^. (2.45) OTa nXaiaia ttjc 'Kpooiyy\.ar\Q 
TOU tree-level renormalization group improved effective potential ou^cpuva ^e Ta avacpEpofiEva oto E8. 



6.4 napa[j£TpLxi] /jeAet/j 
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'Ey(r\y.a. 6.3: Ol aouytnTCOTLxez ti/jec t6jv aadevchv yiaZcdv yioc I^nlsp = 0,m^ = Mz xoll Mg = 1 TeV. 



3.2.1. AxoXou'dcoc, UTioXoyt^IsTai to SUSY cpdafia Tr]c 'Osupiac ere xXiijaxa Evspjeiac, Ms axoXou'dwvTac; 
TO TUnoXoyio Tou E8. 2.5. To LSP Tr]c. lOEwpiac; npoxunTEi. otl Eivai [iop(pr]C bino [ds xaiOapoTriTa 98% svco 
TO NLSP sivai to eXacppoTepo stau ^opcprjc; Se^iooTpocpr]?. Aoyu ttjc; u(j;r]Xric; Ti^rjc; tt]? Tiapa^ETpou tan /3 
01 lAT T«v dXXwv sfermions Eivai ar][iavTixd u(|jr]X6T£pa ano tic [Ja^ec t«v Tipor]Yo6[isv«v 8uo a«[iaTi«v. 
MsTd Tov UTioXoyia^o tou cpda^iaToc; Y'vETai [iia auyxpiar] tk]? SoxL^aoTixii^c TL^rjc tou -M^s i^ou etilXeyel 
[IE ami] TT]? E^. (3.1), ohote k] oXk] SiaSixaaia ETiavaXa^pdvETai y-S^p^ Tr]v etilteu^it] evoc; auToauvETioOc; 
aTiOTsXEafiaTOc;. SuvVi'dcoc;, auTO auijpaivsi [iETd 8uo f] Tpsic; £T:avaXr](|j£i<;. 

H ETiE^Epyaaia xai r] Tiapouaiaar] tcov anoTEXso^dTCOv as auTO to npoxaTapxTixo aTdSio tou unoXoyio^ou 
SwovTai OTa E8. 6.4.1 xaL 6.4.2. 

6.4.1 MExdcdeaT) jtapa^exptov 

Ol ap/ixd eXeu^epec; napd^ETpoL tou upoTUTiou Eivai: 

mo, Ml/2, Ao, sign/i . 

Ti^ETai ^0 = 0. H eT^ikoyr] amx] Eivai aiyoupa auiJaipETr], ^orjd&si 6\d(xic,, otov xaXuTEpo upoaSiopiafio tou 
■KpoTOnou anaXXdaovTdc to ano [iia Tiapd^ETpo. Ta a-KOTEXsafiaTa 8ev ETir]pEd^ovTai xpiai^a ano ami] Tr]v 
etilXoyt], irapoTL oi ^eO^eic auTEc UTiEia£p)(ovTai otov UTioXoyiofio apxETCov g-au^p6Xuv. 

Ettjv Av. [20], ETiiar][iaivETai oti [inopEL va 'dE^EXiW'dEi api'd[jr]Tixd [Jia cy)(Ear] avd^Eaa cjtlc; napd^ETpEc; 
rriA, mo 'X-'^'- -^1/2- npaYM°'''^'-^°'; paoL(16^Evoi oe te/vlxec; Fit 0(tio8ei.xvuou^e tt] o/eot] auTr]: 

~ CmM^i^ + CmTTlQ - M| , (6.13) 

^E ouvTEXsaTEc; cm ~ 0.1 xai c„ ~ —0.1, xa^opi^ofiEvouc ano to api-dfiriTixo Tipoypoffifia yi^a xdi^E tl^it] 
Tuv mt{mt), Ms- H E^ay^Yil ""^il? Tipor]You^Evir]c; tioXu /prjoi^rjc; o/Eorjc; y'vETaL uc; E^r]c;: 

• Me aTaiJEpo M1/2 = PptoxETai Eva aiivoXo Ti^tbv, m\—m\, nou LxavonoioOv Tr]v ypaHHLXi/] cy)(Ear] 

~ CmTTlQ + CStm (6.14) 



82 



MSSM iJ£ evonoLrjarj Yukawa 




100 120 140 160 180 200 220 



(GeV) 



'Sx'^y-^ 6.4: Ol aauiJKTCJTLxec; TLyie<; tcov acrdevchv yiaZdiv, M^ji xai mo, cjc; auvocpzijaeLc; zrjc; wia yta 
AjvLSP = 0.2 (auvsxriZ Ypoi[U[urj) xai 0.8 (8Laxsxo[usvr] Ypa[U[urj) yis Mg = 1 TeV xaL /x < 0. 



• Me axa'dspo mo = mc PpiaxsTai eva auvoXo xificov, m\ — M'^i^, n:ou Lxavonoiouv Tr]v i;^QL\i\j.\.yd\ ox^ax] 

m\ ~ cmMIi2 + cstM (6.15) 

• Ilpocpavtbc;, av \.a~/i)Z\. \j.[a o~/iar\ Tr\Q ^opcpy^c; 

m\ ~ Cmrrio + cmM^^ + est , (6.16) 

TipETiei. va lo/uouv xauTO/pova oi o/eoelc; 

cstM = Cm^c + est 

cstm = cmM^ + est 

EiiaXr]i5£U£Tai noXXanXuc; otl est ~ — Aff . To -xz^ovoc, auxo ^TiopEi va E^r]YT]^et Qcko t/] E^. (2.51) 
opLa^ou Tou mA av oe auTrj avTixaTaoTa^ei to /x ano Tr]v E^. (2.45). IIpoxuTiTei. auxoc o opoc tzou 
8ev aXXoLUVExaL Tir]v e^eXi^t] tuv mH,mfj, xa OTioia E^apTUVxai o^aXd ano tic; apyixsc. avivdr]XEC. 
mo, Ml/2. 

H SiaSixaaia t:ou nspiypdcprixe nio ndvw, sivai aTio za tiio upcoTOTUna ar][dsia ttjc napouaac Siaxpipric. 

E^OTiXia[j£voi [JE T-/] axsar] auxr], ETiiTuyxavoufiE [iia tioXu arj^avTixr] ^ETaxoTiiar] napa^Expwv. Mnopouv 
va Xy^cpiJoiiv «c [iETapXr]TEc; elcjoSou oto TipoYpa^^a oi m^, M1/2 ^'oti to mo va ■KpoaSiopi^ETaL ano auTEc; 
[isaci Tr\Q E^. (6.13). 

'Oti«c ex^"- "oviaxEi oto E8. 5.3, xsvTpixo poXo aT'r]v uXoTToirjar] xou [ir]xavia[iou Tr]c CAE, TcaiCEi t] 
napd^ETpoc; A^lsp, t^ou pud[diC,si tt] axExixr] Siafpopd [j.6Z,ac, avd^Eoa oxa 8uo EXacppoxaxa ou^axLa tou 
(paafiaTOC, nou opi(lETai ano Tr]v E^. (5.11). To £Tii,i}utj"r|T6 A]\tlsp EniTuyxavETai yi.Q( xofdE T\ir] tou ^e 
Soxi^iaaTixr] aXXayr] tou Mi/2. Me aucrjar] tou M1/2 aucdvETai to Ajvlsp. 

KaTaXr]XTixd, ol Eks^^spsc, napd^ETpoL tou au^aTi8iaxo6 tipotOtiou Eivat: 

mA, AjvLSP, sign/i . 



6.4 napa[j£TpLxi] /jeAet/j 
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SxTltxa 6.5: Oi uyiiz t6jv ttilsp, ^o, M112 xoll Ms ojc; auvapTrjacLc; rrjc; tua Yioc Anlsp = xaL /x > 0. 



6.4.2 Aiaypa^^axixd ATtoxsXsa^axa 

H opi56Tr]Ta tou unoXoyiafiou [laQ eXeyxcto"- mt^o to jsjovoq oti avaTiapdyei- a^ionpoaEXTT] axpipEia to 
SLdYpaHHa TOU S)(. 1 TIT]? Av. [70], to otioio exel Tiapaxi^EL X"P^? XPA'^'') ''^^'^ (6-13), otiwc; TiposxucJjE 
ano LSLUTixrj ETiLXOivuvia ^e Evav ano touc; ouYTpotcpE^?- Sto SLdypan^'Q' auTO cpaivovTai 01 tl^e? tzou TipETiEi. 
va Exouv 01 aautaTTTCOTiXEc; Titjsc; twv [Ja^tbv aaftEvouc; T:apapiaar]C Tr]C SUSY yia SiafpopEc Tifisc tou mt{mt) 
[IE AjvLSP = 0, = xai Ms = 1 TeV. Av xai 01 tl^ec; mutec; elvkl ^ETiEpaa^EVEc; and xa vECJTEpa 
■KELpa^diTixa Eupy^^aTa {int{mt) — 166 GeV xai > M^), T] t-iopcpy] ttou etiiteOxtJitixe aTio to 81x6 ^ac; 
TTpOYpoff-if-iOf TiapEXETai yia auyxp'-ari oto E/. 6.3. H [JETapoXrj ott] mt{mt) ^TiopEi va etilteuxiJei Tipocpavuc; 
[iE ^ETapoXr] TIT]? TL^r]? ttjc EVOTioir][i£vr]C Ceu^rjc Yukawa oTir]v E^. (6.7). 

E-KLOTpECpovTac; OTTjv oiXELa StaSLxaaLa (^e aTa^EpoTioLr]HEvr] Tr]v tl^V] tt]? mt{mt)) Ta aTioTEXEo^aTa tou 
apLiJ^riTLXoii TipoYpd^naToc; oe auTO to oxeXoc; tk]? ^eXett]? xaTaypdcpovTai ■KapaxaTw: 

a. HEpiTtTwa'r] // < 0. STr]v nEpinTuar] auTif^, o qjaivo^EvoXoyixoc; TiEpiopiafioc nou avaSOETai aTio to 
BR(fo 57), ETiiTpETiEi TT] yp'^oi] a~/ZT\.x6. EXa(ppo6 cpdafiaToc;. Fia to Xoyo auTO ELvai SuvaTov 
va oTa'dEpoTioir]'dEi r] T\.\xi\ tou Ms = 1 TeV. H ETiiXoyr] auTT] 8ev exei ouaiaTixr] etiitituot] oTa 
anoTEXsa^aTa yiati auTd Eivai EuoTa-Or] [iE [iixpr] [iETaxivrjar] tou Ms . Eto Ex. 6.4 Eixovi^ovTai 01 
apxiXE? ouv^rjxEc; nou Ti^EVTai, oto api'd[ir]Tix6 Tipoypa^^a (M1/2 xai mo), coote va EniTUYXOtvETai 
yia 95 GeV < niA < 210 GeV, Ajvlsp = 0.2 0.8. Ol etilXoyec; auTE? tuv tl^wv tou Ajvlsp eivon. 
evSelxtlxec;. 

p. IlEpiTiTwari // > 0. EttiV TTEpinTUor] auTT], o cpaivofiEvoXoyLXOc; -KEpiopio^oc; nou avaSuETai and to 
BR(6 — > S7), eTT'.pdXXei, tT] XP''!''^ axETixd papUTEpou cpda^aTOc; ano to Tipor]You[iEvo ar][iEio. Fia 
TO Xoyo auTO xpi^oifiOTioiEiTai [iETapXrjTr] Ti[ir] yia to Ms. Sto Ex. 6.5 Eixovi(lovTai 01 tl^ec twv 
ETii^axwv TioaoTi(]TUv TOU npoYpd^naToc; itilsp, ^0, Mi 12 xai Ms uc; auvapTi(]aELc; tk]? tua Y'-°' 
AjvLSP = 

Eu^TiEpaa^aTixd, xai otic 8O0 TTspiTiTwasic; T:apaTr]pEiTai oti M1/2 > mo xai [is axa'depo rriA au^rja'r] tou 
^NLSP cyuvEndyETai a(j^r\ar] tcjv anaiTou^Evwv M1/2 XQ(i mo evcj ^e aTaiJEpo Anlsp au5r]ar] tou niA 
ouvETidyETai au^rjor] tuv anaiTOU^EVuv M1/2 xai mo 
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SxTltAot 6.6: H 8ev8pLxou emnsSou (Siaxsxoyievrj Ypa[U[ur]) xai r} SLop-dcoiusv/] (auvexrjc: Ypa[U[uij) [udCoc tou 
b-quark wc ouvdpTrjar] zrjc; itia, yioi Ajvlsp — 0. Ta neipayiauxa opia exouv smarjc; Tono-deTyjdei. 



6.5 ^aLvo^evoXoyLXTQ p,eXsTr] 

Mlm hoXu EvSiatpspouaa TipopXri[aaTixr] avaxuTixEi \xz Tr]v uio^eTir]ar] Tr\Q EVOTioir]ar]C Yukawa. To (lir]Tr][ia 
710U upenEi va 8i,£peuv"r|t>£L eivai rj aujipaTOTrjTa ttjc £VOTioir]ar]c; Yukawa \xz xa TiEipafiaxixd SsSofisva yi-Of tt] 
^d^a TOU fo-quark xai to BR(6 sj). Autoc o Tipo^Xr]y.aTia\j.6c, aTioxTd Sapuvouaa a^ia aTr]v TispinTwar] 
Tr]<; EvoTioir]ar]c Yukawa ■xicczi, Xoyw Tr]c u(|jr]Xii^c Tifirjc tiou aiioxTd r\ napdfiSTpoc tan/3, oi SLopiStbaEic; 
OTT] [id(la TOU 6-quark sivai iSiaLTspwc ia)(upEC xai r] ETiiXoyr] ar][i£iou yia "^iv napdfiSTpo n xaiJioTaTai 
xpiaifiT]. SuvaxoXou-da, snEiSr] a-KOcpaoioTixir] eivai amr] r] EULXoyr] ar][a£'.ou Y'-Of ~o /x, ott] au[JT:£pi,(popd 
TOU BR(& 57) T] TauTOXpovr] i.xavoTioiir]or] xai. tuv 8uo ■Kepiopio^uv TipopdXX£i wc £va noXu eXxuotlxo 
eYX£tp''ll-'°'- O'' Ti:epi.opia^oi auToi ^EXETtbvTai OTa E8. 6.5.1 xai 6.5.2. TeXoc, r\ fpaivofisvoXoyia tiou 
upoxOnTEi aTio Tic; Siopi^tbaEic; oto h ^eXsTdTai oto E8. 6.5.3. 

6.5.1 Aiop'da)aei<; ott) ^dJ^a tou 6-quark 

Ecpap^o^ovTac; to TUnoXoyio tou E8. 3.3.1 , unoXoyi^ETai r] ^id^a tou fo-quark sxovTac; au^TiepiXdpsi tic; 
SUSY Siopi^tbaEic; -xia Ajvlsp — 0. Ta anoTeXea^aTa xaTaypdcpovTai oto E)(. 6.6. napaTr]pEiTai oti -xia 
100 GeV <mA< 700 GeV: 

• 'OTav fi < 0, Xa^pdvETai yi^a Tr]v SsvSpixoii ETimeSou xai tt] Siop^u^EVT] ^d^a tou fo-quark avTiaToi)(a: 

3.5 GeV < mtiMz) < 3.6 GeV (6.17) 
4.4 GeV > ml{Mz) > 4.3 GeV. (6.18) 

EuvsTiwc;, ae amr] Tr]v TiepiTiTwar], T] 8i6pi5war] tiou XatjpdvsTai sivai tJsTixri xai Tiapa3id^ovTai Ta Tisipa- 
[iaTixd opia tcou io)(uouv yi-a "fl ^ci^oL tou 6-quark, oncoc upoxunTSi \is ouyxpior] twv tiio Tidvai ti^wv 
[le Tr]v E^. (3.18). To yeYovoc; auTO 8e ^eupeiTai xaTaoTpocpixo yi'Q' to e^ETa^o^Evo upoTUTio, yi'Q'Tt 
as [iia TiXii^pr] 50(10) "dscopia UTidpxouv xai dXXec; 8iopi5waeic; (Av. [71]) tiou [JTiopouv va TaTieivwaouv 
fl xai va avaipEaouv tic aufiTispiXa^pavo^evsc otov eScj unoXoyiono. Eiyoupa, 6[iCtic, auTO sivai sva 
orj^eio TIOU xpi^^i^'- paiJuTEpric; xai 8ie^o8ix6Tepr]<; epeuvac;. 



6.5 ^awoyievoXoYixri yieXeTTi 
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SxTltxa 6.7: To BR(6 sj) djc ouvapzirjarj rrjcmA, yia A^^sp — exovrac; auyinepLXa[ieL tlq auveiacpopez 
Tou MSSM yia fx > xai /x < 0, tou SM xai tou SM auv t6jv (popTiayievcxiv Higgs (SM+H~^ ). Ta 
nsLpa[uaTLX(x opia zy^ouv smarjc; Tono'dsTrj'dsL. 



• 'Oxav /i > 0, Xa^pdvExaL yi-ot tt]v SevSpixou ehitieSou xai. tt] SLopiJu^evr] \ia.Z,a tou 6-quark avTioTOi/a: 

3.04 GeV < mt,{Mz) < 3.15 GeV (6.19) 
2.2 GeV < ml{Mz) < 2.5 GeV (6.20) 

SuvETiwc, OE auTi(] Tr]v ■KEpinTwar], r] SiopiOwar] nou XafipdvExai EivaL apvr]TLXi(] xai ol xifisc nou 
EniTUYXavovxai yi-ot "fl ^'0'^°' ™'-' 6-quark, Ppiaxovxai opiaxd, ^Eaa otic, nEipa^aTLXEc; TipopXEc|jELc; 
T^c; E^. (3.18) 

H TiapaTr]pou[aEvr] Siacpopd [idC^ac tou 6-quark as SsvSpixo etiitieSo otic; 86o n:por]You[iEVEC nEpinTwaEK; 
ocpEiXExai OTT] SiacpopETixr] ti^h] nou ETHTuyxavETai, yia ti'iv tan /J, as xocOe [iia ano auxsc tic irEpinTCoaEK;, 
OTiuc; E^EL avacpEpi^Ei OTO E8. 6.3.2. Eniarjc;, xai otic, 86o ■KEpinTtbaEic;, r] SiopiJucyr] axr] y.a.Z,a tou 6-quark 
E)(Ei Tip6ar]y.o avTi^ETo tou jp'^'^'-y-OT^o'-oiiy-^'^o'^ Y'-°' '^o fi. 

6.5.2 MeXett] tou BR{b sj) 

Ecpapfio^ovTac to TUnoXoyio tou E8. 3.4.2, unoXoYiCETai xai anEixovi^ETai oto S)(. 6.7 to BR(6 s-y) 
ac, auvdpTr]orj ttjc niA Ji-oi. Anlsp — 0- Ano to apiiDfiriTixo npoypa^fia au^nEpaivETai oti T] ETiiXoyr] tou 
Anlsp ST^TpsoiCsi noXu Xiyo Ta aiioTEXEafiaTa oto BR(6 — > sj). Axofia napaTr^pEiTai oti OTav fi < [>]0 
01 auvEiocpopEc Twv ppoxwv nou [iETS^ouv chargino Eivai a7i[£7i]oixo8o^r]TiX£c OTr]v auvEiacpopd aTio to SM 
ouv Ta cpopTio^Eva Higgs. Quote, 

• 'OTav /i < 0, TO auvoXixo aTioTEXEo^a xu^aivETai as ■KEipa^aTixtbc; avEXTd ETiiTiESa. Eno^Evuc;, r] 
nEpiTiTuar] auTi/] Eivai ethtpehtV] y''°' xocdE Tiy.i] tuv m^, Anlsp- 

• 'OTav jU > 0, TO auvoXixo aTioTsXEa^a xufiaivETai as ETiiTiESa avwTspa twv TiEipatJaTixwc; TipopXETiofisv- 
wv y\.aL ^ixpsc TifiEc Tr]c rriA- EhelSv] oi auvEiafpopsc, extoc auTr|c tou SM, cpiOivouv ^lE a6^r]ar] Tr\z 
^d^ac; Tuv ^etexwvtwv ow^aTiwv, PpioxETai Ti\ir] tou ^ETd Tr]v onoia to BR(6 — > sj) ^TiaivEi xai 



86 



MSSM iJ£ evonoLrjarj Yukawa 



130 




(GeV) 



SxTltAot 6.8: H rrih 6JC ouvdpTrjorj rrjc; tua, yia /x < xoll Anlsp — 0, 0.06. 

napafiEVEi aTrjv Tieipafiaxixa EniTpETiTir] Tiepioxr]. Autt] r] Ti^rj, Tiapexei. Eva xaxu opto otlc; ETiiTpeTiTec; 
Ti^ec Tiou ^nopei va napei to m^. (r] to niLSp)- ArjXaSr]: 

m^> 402GeV mLSP> 738 GeV. (6.21) 

Eivai a^Loorj^eiUTO to yzyovoQ otl ol nEpLopLo^oi nou avTXouvTaL ano tt] Siop^uor] ott] ^d^a tou 6- 
quark xai tou BR(6 57) sivai aXXr]XoauYxpou6[iEvoi \xz Tr]v svvoia otl to ar][isio tou ji tiou euvoel 
Tr]v LxavoTioir]or] tou evoc; nEpLopio^ou avTipaivEi oTir]v LxavoTioiif]ar] tou dXXou. SuyxExpL^sva, f] n < [>]0 
ETiiXoYV] EivaL Sua^EvV]? [eu^evV]?] y^oL Tr\ [laZoL tou fo-quark aXXd eu^eW]? [Sua^Evi*]?] yioL to BR(fo — > S7). 

6.5.3 Aiop'dwosK; ott] ^d2^a tou h Higgs 

A5ioTioir]ar] tou TUTioXoyiou tou E8. 3.2.2 ytvETai [iE axono tov upoaSiopiafio Tr]C [id^ac tou h Higgs and 
TO ^eXetoO^evo upoTUTio. Atio to TUnoXoyio au^TiEpaivETai otl to ar]y.sio tou fi 8ev ETiripEd^Ei, Q(i,crdir]Td Ta 
anoTEXECJ^aTa. EvSEiXTixd EXTi^EVTai, oto E/. 6.8, r] rrih wc; auvdpTrjar] tou itia, [is fi < "xi-ct Anlsp — 
xai 0.06. napaTr]pEiTai oti UTidp)(Ei aacpwc; eva tj£Y'-<^~o opio nou avTiaTOi.)(Ei axa 125 GeV, Tipdyfia anoXuTa 
ouvvo^o [le Ta TiEipa^oiTixd opta TT]? E^. (3.10) xai oti t] SiacpopoTioirjor] TT]? xa^TiuXrjc; yia StdtpopEc; ti^e? 
TOU AjvLSP Eivai, o/eSov aSLopaTT], EiSixd oe 6,ti acpopd Tir]v tl^it] tou ^ey^citou. Aa^pdvovTac; vmoi^r] \iac, 
Ta TipoafpaTa cpaivoiaEvoXoyixd opia tt]? E^. (3.10), ^TiopEi va te^el Eva xdTU opto -xia tt] ^d^a itia tt] 
rriLSp) Ti:ou xaTaypdcpETai, napaxdTu: 

m^>95GeV mLSP> 209GeV. (6.22) 

6.6 Koo^oXoyLxd aKOTeXeo^axa 

H KoofJoXoyiXT] \iz\i~(] tou awiaaTiSiaxou TipoTUTiou t:ou TTEpiypdcprixe, TiepiXatjpdvsi tov UTToXoyiafio TVfi 
CRD TOU LSP, ^LSP ■ AuTOc; y'lMZxai ECpap^io^ovTa? to TUnoXoyio tcjv E8. 5.5.1 xai 5.5.2 aufiiiEpiX- 
a^pdvovTac; ANE xaL CAE, avTioTOL/a. EiSixoTEpa, otlc; ■KEpiiiTUOEi.c; > xaL /x < EivaL acpiEpcofisva 
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SxTltxa 6.9: To 0.lsp h"^ i^JC ouvdprrjar] rou rriLSP T'Qt < xai Anlsp=0, 0.048 xoci 0.08. Ta opia am 
xa CDM aevapia eyouv snLarjc; Tono-deTyjdei. 



TQ( E8. 6.6.1 xott 6.6.2. H ou^poXr] xofds 8i,a8ixaoiac axo teXixo anoTEXsafia a^ioXoYSiTai, ysvLxd oto E8. 
6.6.3. 

6.6.1 IlEpiTtTCiJOT] < 

STr]v nEpiTiTCoar] auTH], o cpaivofisvoXoYixoc nEpiopiafioc tiou TipETisi va XrjcpiSei UTi6(jir] sivai auxoc; ttjc; E^. 
(6.22). AOo eivai xa paaixd 8iaYpd[-i[-iaTa tiou [se aafprjvsia xaxaypafpouv xr] fpuaixr] xou Tcpo3Xr][Jaxoc: 

a. To 8i6(Ypo'HHO' tou ^lsp ouv6(pxr]or] xou rriLSP xaiJopLo^eva Ajvlsp, itou o(ti£ixovi(1exq(l 

oxo S/. 6.9. Atio auxd ou^TiEpaivExaL oxl axa^epo rriLSP [Ajvlsp] au^r]or] xou A^lsp [n^LSp] 
auveTidiY£''^o''- auciCTT) xou 0,lsp h"^ ■ Enofievwc;, 'r] ^lsp h"^ zivai aii^ouaa auvdipxr]ar] xuv itilsp 'X-'^'- 
AjvLSP- Ol xl^ec; xou Ajvlsp, itou e^ouv eniXEYst eivai,: 

• 0. ndvco a£ auTX] xr]v xafinuXr) Xaijpdvsxai t] [jeyioxt] auvEiacpopd xuv CAE. To ar][isio xo[ir]C 
xr]c xa^TiuXrjt; auxr](; xo dvw CDM opio, napsxei xr] heyioxt] STiixpeTixr] ^d((la xou LSP xr]t; 
^eup[ac; tiou EivaL m^gp ~ 770 GeV. 

• 0.048. Me auxT^ xr]v xifin], ETiixuYxavExaL xo xaxwxspo CDM opto xr]v EXdi)(iaxr] 8uvaxi(] xl^V] 
axr] [idSIa xou LSP jia auxo xo AAr^sp kou eivai 215 GcV. 

• 0.08. Me auTX] xr]v xi^r], ETiLxuYxdvexai xo avwxepo CDM opto xr]v sXaxi^oxr] 8uvaxr] xifir] axr] 
y.a.Z,a xou LSP Yi-ot auxo xo Ajvlsp itou EivaL 222GeV. Etio^evuc;, auxo [iTiopei va xapaxxr]piaxe[ 

ac, xo ^EY'-''™ ETlLXpETlXO An LSP, ^NLSP- 

p. To 8iaYpa[i[-ia xr]? ETiixpeTixric; TiEpLOxr]? oxo eti:iti:e8o ttilsp — Anlsp, itou aTiELXovi^Exai oxo Ex. 6.10. 
Auxo TO 8idYpa[-i^ia aTioxEXEi ouoLaoxixd xr]v TipopoXr] xou Ex. 6.9 oxo etiitie8o itilsp — Ajvlsp- 
SuYXExpitJEva: 

• H xaxcjxEpr] [avcoxspr]] auvopLaxr] xa^iTiuXr] avxLoxoixEL oxo xaxcjxEpo [avcjxEpo] CDM opto 
(Qlsp = 0.09 [0.22]). 
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SXTlUQt 6.10: H smzpSKTrj nspLoxrj oto smnsdo ttilsp — ^nlsp, 7i« /i < 0. 



• H xdiTW apiaTEpr] y'^via, nou axr]naTi^£i r\ xaTCJTEpr] auvopiaxii^ xa[ni(Ar\ [i£ Tr]v suiJeia Tr]v 
o)(e86v xaTOtxopucpr], avTLOT0i)(et oTr]v to^t] ttjc; xa^TiuXrjc; Ajvlsp = 0.048 to xaxuTepo 
CDM opio OTO !])(. 6.9. Ano to amsio auxo, upoxunTEi. to m™_gp 

• H Tidvco apiaTSpT] ywvia, nou a)(r]^aTiCEi rj avtJTspr] auvopiaxr] xaiJTiuXr] [js Trjv zwdeia T"r|V a)(e86v 
xaTaxopucpT], avTioTOixsi aTr]v TO[ir] Tr]C xa[iTiuXr]C Aat^sp = 0.08 [is to avcoTSpo CDM opio oto 
S)(. 6.9. Atio to ar]ne[o auTo, tipoxOtitel to A™2sp- 

• H xdiTU apiaTEpi/] -xctivia, nou axTinaTi^Ei t] xaTCOTspr] auvopiaxif^ xafinuXr] [iE Tr]v opi^ovTia EUiSELa, 
avTioToixEi aTr]v TOfiif^ Tr\Q xa[iTiuXr]c A^r^sp = [iE to xaTCOTEpo CDM opio oto 6.9. 

• H xdiTW SE^id ywvia, nou axTiiJ-oaiCti T] avuTEpr] auvopLaxr] xa^nuXr] ^lE Tr]v opL^ovTia eu^elk, 
avTLOTOixEi aTTjv TOfiH] Tr]C xa[iTiuXr]C Ajvlsp = ^e to avuTEpo CDM opio oto S/. 6.9. Ano 
TO amsio auTO npoxunTEi to m™gp. 

HpoaEXTixoc; ava'xv(x>aTr]c, Tr]c. SiaTpipy^c; 'da napaTr]py]aEi oti Ta E)(. 6.9 xai 6.10 anoTEXoOv PeXtiu^evt] 
ExSoar] Tcov S^. 3, 4 Tr]C Av. [44]. METapXrjTO Ms sxsi XP^'^'-l-'°'^°'-^''^^'- '^"-'^ ^o*^ EniTpsnEi tt] [iETdpaar] 
as u(Jjr]X6TEp£(; ti^e? ttjc; napa^STpou r] ttilsp- Eno^Evw?, ^nopouv va yivouv oacpEOTEpsc; npopXsiJjEic; 
yia Tic; avtJTEpEc; xoa^oXoyixdi EniTpEnTEc; tl^ec; tuv napa^ETpuv auTtJv. 



6.6.2 IlspiTtTCiJOT] > 

I]Tr]v nspinTwari ami], o (paivofiEvoXoyixoc; nepiopiatjoc nou npsnsi va XTjcpiOEi un6(jir] sivai auTOC ttjc E^. 
(6.21), wpou eivai laxupoTSpoc; ano auTO ttiC Ec. (6.22). EnEiSr] ^dXioTa to xdtTCO opio nou EnipdXXETai 
Eivai u(Jj7]X6, 'da xp''loi[-ionoir]i}£[ r] [jey"-'^''^''! Suvaxr] auijpoXii^ tuv CAE nou EniTuyx^vETai y.s Ajvlsp = 0. 
Ta CDM oEvdpia "da Scoaouv Eva dv« opio jia T'r]v TitJT] tou m^. To npoc; E^sxaar] np6pXr]na av undpxEi 
Xupoc auvaXr^'dEuaric; tcov 8uo aviooTr^TUV nou "da npoxu(j;ouv. 

To xpioifio Sidypafifia Eivai auTO tou Ex. 6.11 onou anEixovi^ETai to CIlsp h'^ auvdpTr]ar] tou ttia- 
Ano auTO npoxunTEi oti "xia va Eivai r] unoXoyiCo^Evr] VIlsp ou^paTrj ^e Ta CDM oEvdpia, npsnEi: 



rriA < 416 GeV rj ttilsp < 770 GeV. 



(6.23) 
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SxTltxa 6.11: ToQ,LSph?, e/ovrac (7U[unspLX(x[3sL CAE (ouvexriZ Ypa[U[uij) xai /<ijpic amd (SLaxx£XO[U£vr] 
Ypa[U[urj) cdz auvdpTrjar] too uia yioc /x > xaL Ajvlsp = 0. Ta opia ano ra CDM azvapia sxouv snLarjc; 
Tono-deTTpei. 



Atio tic; E^. (6.21) xai (6.23) TipoxuTixEi otl undp/ouv xifiec xrf, napa^Expou tua tiou ETiLxpETiouv tt] ouvu- 
■Kap^T] Tuv nEpLopLa^tJv aTio TO BR(fo — > S7) xai xa CDM aevdipLa xai auxec; e[vai: 

402 GeV < < 416 GeV 738 GeV < wlsp < 770 GeV. (6.24) 

EiSixoxepa, Tr]v xaxtLnepr] ETHTpETixri Tiiaf] xou tua otTio xov Tispiopiafio xou BR(6 — )• 57), ~ 402 GeV 
Xa^pdvexai fi^sp /i^ — 0.2 av au^Ti:epiXr]cpi5o6v CAE axov UTioXoyicy^o, y] fi^sp /i^ — 7.55 av 8ev au^Tiep- 
iXTjcpiJouv. IIapdXXr]Xa, xr]v avuxEpr] ETiLxpETixr] xi^rj xou ano xov ■Kepiopio^o xuv CDM oEvapiuv, 
tua — 416 GeV Xa[i6d(V£Tai BR(6 57) ~ 4.44 x 10^'', tiou Eivai [i£aa axa opia xr]C E^. (3.50). 

Av xai 7] Ti£pio)(ir] xr]C Ec. (6.24) eivai noXu nepiopLo^evr], o ouvuTioXoyiafioc xcov ocpaX^dxwv oxov 
TTpoaSiopiajio xou BR(6 57) avafisvExai, va xr] Sisupuvei.. Kai, auxo, 810x1 r] xofir] xou dvu xXdSou xou 
BR(6 — > S7) tj£ TO dvw Tisipafiaxixo opio Y^vsxai, ut:6 o^sia y^via otiots [Jia [JixpT] [JSTaxivrjar] Xoyw o- 
(paX^dxcjv auvsTidyexaL Laxupin sXdxxuar] xou xdxw opiou axT] ^exapXrix-f] rriA ■ Movo '(] t)£6opr]X!.xr] apEpaioxr]- 
xa axov xa'dopia[a6 xou BR (fo — > 57), tiou SwExat ajio xr]v E^. (3.33), STiwpspei [iia [a£xax[vr]ar] xou xdxu 
ETiixpETixou opiou xou uiA TispiTiou GTQL 320 GeV. H ETiixpETixf] Tizpioyj] oxo etiitieSo rriLSP — ^NLSP "da 
EivaL xrjc; ijopcprjc; xou S)(. 6.10 [iovo tiou xo o/eSov xaxaxopucpo x[iir][ia axa apioxEpd xr]? TiEpio/r]? lOa £)(ei 
^Exaxivr]i}£[ Tipoc; xa SE^id acpou m^g}, ~ 525 GeV otioxe xai A^^^p ~ .02. Evxouxoic; ^la tiio axpiprjc; 
SiaTipayi-idxEuar] "da aTiaixouaE xov auvuTioXoyiatJo xai x«v utioXoitiwv acpaXfidxwv tiou UTiEiaspxovxai a- 
xov UTioXoyiofio xou BR(6 sj), r\ TiposXEuar] xwv otioiwv eyei ■f]8r] avacpEp^Ei axo E8. 3.4.3. TEXixd 
aTio(pEU)(i5r]XE r] EfiTiXoxr] as auxr] T"r] SiaSixaoia, ■xicczi and xr, [Aa 'da aTiaixouoE ^EydXr] UTioXoyioxixr] 
axp'.psia xai aTio tt]v dXXrj to autJTiEpaatja 3i6)ai[i6xr]xac xr]c /x > TiEpiTixwarjc aTioxEXEi ^la ar]jiavxixr] 
xaxdXr]^r]. Kai auTO, Sioti jia Tr]v £cexaC6[a£VT] TiEpiTiTuor] UTir]px£ r]8r] Tipiv ttjv Srj^ooiEuar] tt]? Av. [72] 
^la aTioppiTiTixV] xaTaypacpf] aTrjv Av. [30]. Ee auTif^ o UTioXoyiojaoc; Tr]C CRD ywoTav ^e 'dEt[)pr]ar] [aovo twv 
ANE. Ta CDM opia Tr]C ETio)(r]c 8ev ffzav autJpaTd [je Ta avTioToixa aTio to BR(6 — > 57). O vEWTspiatJoc; 
Tr]? Av. [72] y^Tav o auvuTioXoyiafioc tcjv CAE aTr]v E^aywyV] tt]? CRD xai tuv NLO SiopiJcoaEwv tt]? QCD 
TIOU ETiEcpEpE TEXixd Tr]v avapiuoT] Tou /i > oEvapiou. 
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SxTl(J.tx 6.12: Oi CT/ETiXEc ouMSLGcpopsc; J{xx)/'^eS (ouvsxijc; Ypcqu[uy]), J^-^ -(.)•) (Sicixsxo[usvr) Ypa[U[U7j) xai 
J(xf2) (soTiyyisva 8Laxsxo[usvr] Ypa[U[urj) yia A^lsp = 0.047, /x < xaL Ms = 1 TeV. 



6.6.3 S)(ETixEc; auvsiacpopec; axrjv Jeir 

Mi,a noXu SiacpuTLOTixr] ELXova ^'-'^ '^''] o\j[d[dSTO)(r] xdcde [iiac and tic SiaSixaaiec aXXr]XoxaTaoTpotpir](; xai. 
auYYs:vixir]c; xaTaoTOcprjc; oto teXixo aTioxeXeafia jia Tir]v avir]Y[iEvr] Spuoa evEpyo Siaxofiir] J^g ttjc; E^. 
(5.83) Slvsiai axo sSdfpio auxo. Av xai r\ avaXuai] syive y'^o' '^'^'^ nEpLTixwar] < 0, xa au^Ti:epdia[iaxa E)(ouv 
au^mivr] Y£vix6xr]xa, yiofT^^ otiwc; TipoxuTixsi [is aOyxpiar] xwv xa^nuXwv Yi-a ^nlsp = ocko xa S)(. 6.11 
xaL 6.9, K] aXkayi] npoai(]^ou tou afprjvsi axeSov avsTir]psaaxr] xr]v utioXoyi^o^evt] CRD. 

Me auyxpiar] xrjc; ouvELocpopdc xotde CAE r] ANE oxo Jeff, ^nopouv va jivouv xa napaxaxw a/oXta: 

• 'Oxav Aa^xsp = 0, y] auvEiafpopd x«v ANE axo ./efr £wai tioXu [Jixp-f] (0.4%). Oi avx(oxoi)(£c 
ouveiacpopd xcov CAE axic J(xf2) "^(fjf'*)) xufiaivsxai axo 8id(axr][ia 27 — 24%xai 73 — 76% av- 
XLaxoixa xa'dcxtc, xo itia xu^aivexai and 95 as 224GeV. 'Oxav Ajvlsp = 0.1, EvxoiixoLc;, T] auvELacpopd 
x«v ANE XX Y^^sxai noXu ar][iavxixr] napsxovxac nepiTiou xo 33 — 31% xr]c JefF- H t^'-o aiiouSaia 
auvEiacpopd (xo 58% xr]c; Jeff), as auxr] xr]v TiepiTixwar], Tipoepxsxai ano xlc; CAE X'?^2, svco oi CAE 
f2f2*^ Tiapexouv nepiTiou xo 9 — 11% xr]C Jeff- SufiTispaa^axixd, oi ANE eivai a^EXr]xaisc Y^ot ^ixpsc 
xL^Ec; xou AjvLSP aXXd eivai tioXu arj^avxLXEC y''°' [dzxaXuTepec, ti\iec, xou Ajvlsp- Auxo ocpEiXexai 
axo oxL 01 api^^r]xixec; Tiuxv6xir]xec; xuv f2 sXaxxuvovxai a/EXLxd auxr] xou x xa^uc; xo Ajvlsp 
au^dvEi. 

• KaL 01 Tievxe CAE xou x "^2 itou avaYpdqjovxai axov Ilivaxa 5.3 Slvouv ■KapaTiXv^aiac aciac auve- 
lacpopec; axo ajf2 (r] Tipoe^dp^ouaa auveiafpopd TipoEpxexai, Y^vixd ano xr]v — > r/i). H ax^Tixi] 
auvEiacpopd xou b^f^ oxo J(xf2) itpoxunxei. 6xi eivai ouaiaaxLxd ave^dpxrjxr] xr]c xifir] xou niA (95GeV < 
rriA < 215 GeV). Auxr] r] auvEiacpopd xu^aivExaL ano 5% aE nepinou 8% xa-ddic, xo A^r^sp au^dvEi 
ano as 0.1. 

• H LiEYi-oxri auvELacpopd axo a. -(.) -KpoEpYExai ano xic; CAE f2f2 — > hh, ti xw. f2T2 — > rr. Evxouxoic;, 

noXXsc ano xic dXXec CAE (onwc oi f2f2 — > 77, HH, AA, H'^H~ , 7Z) ex^^^' ysv'.xa anou8aia 
auveiacpopd nou Ssv [JTiopsi va a[i£Xr]'ds[ (r] f2f2 ZZ, jia [leYokec, Tiy.ic, x«v A]\tisp xai rriA Swel 
]j.iy\.a-r\ auvEiacpopd). EntarjC, r] CAE 7^2X2 hH (W^W^) EivaL au^r][i£vri [jixpec xifisc; xuv 
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'Sy(r\yiCL 6.13: H SevSpixou emneSou [jdCoc tou h-quark 6JC auvdpTrjorj z/jc; tan/3. 



niA (xai Anlsp)- H aYSTixin auvsiacpopd tou 6. .(.; 
TIC, ayzTOiZQ tl^ec; twv dXXuv Tiapa^ETpuv. 

'Oxav Ajvisp = 0, 01 auvsiacpopec t«v h^f^ xai 6. 



OTTl J 



ElvaL ^ixpoTEpr] aTio 1% oXsz 



-(.) axri Jeff aXXriXoSiaypafpovTai [iEpixcit; xai, 

Eno^Evw?, Eva axpipsc anoTsXEa^a Xa^pdvExai (^lE Xdcdoc [-'£XP'' 0.5%) ayvouvTac; tk] au^poXy] tuv fo 

OTO teXlxo a-KOTEXEo^a. 'Oxav Ajvlsp = 0.1, evtoutolc;, r] ouvEiocpopd tou b<>f^ xuptap/Ei oTir]v 6. .(.) 

T2T2 

nou TiapE/Ei TO 4 — 5% TOU Jeff. EiiofiEvuc;, Ta apL'dfiriTLxd aTiOTEXsafiaTa ^Tiopouv va avanapa/^ouv 
^E ^la axptpEia xaXuTEpr] ano fti 5% xpr]oL^OTi:oi,uvTac; yia ti-C CAE [iovo touc; a^j. Oi avaXuTixE? 
Touc; EXcppdoEic; SivovTaL oto E8. 5.5.2. Avtl^etuc;, to b^^ Sev [inopEi va aYvor]t)£(, acpou r] ouvEiofpopd 
TOU OTf] J{xx) QtvEpxETai OTO 80% xai 01 ANE XX EwaL 71:0X6 ar]y.avTixsc, yi^a ^i^yaXiiTEpEc; tl^ec; tou 

AjVLSP- 

Oi a/ETiXEc auvEiacpopEc J(ij)/Je{i {{ij) = (xx); (x^2)! (T2f2*^)) t«v Tpicbv EiSwv au[aTEpiXa[apavo[j£v«v 
SiaSixaaicov oto Jeff SivovTai oto 6.12 aav auvdpTrjar] tou uia Y^ol Tr]v XEVTpixr] ti^t] tou Ajvlsp — 
0.047 xai yi'Q' -M^s = 1 TeV onou to EniTpEHTO tieSio tl^uv tou itia Eivai 95 GeV < itia < 215 GeV. 



6.7 Su^Kepao^axa 

Ta au^TiEpda^aTa ano tk] 8iEpE(Jvr]ar] tou ^eXetoO^evou upoTiiTiou xaTaypdcpovTaL ■KapaxaTu: 

a. IlEpiTiTUor] /i < 0. H ^d^a tou 6-quark ^e Tir]v upoo^rixr] tuv SUSY Siop^uoEuv -KapapidCEi Ta 
nEipafiaTixd opia. Avtl-Oetwc, Ecpapfioyr] tou BR(6 57) 8ev tJetei Tiepiopiafiouc oto tteSio opiaijou 
Tuv Tiapa^ETpuv tou -KpoTUnou. Ta opta tuv CDM oEvapiuv ixavonoiouvTai OTav to EXacppoTEpo stau 
ELvai 0-8% papiiTEpo aTio to LSP tiou ^TiopEi va xu^awETaL aTio 215 — 770 GeV. KaTaXr]XTLxd, av 
Se^-Oei xaveic; oti y] anoxXiar] ott] ^id^a tou 6-quark 8ev EivaL xaTaaTpocpixV] y'-'^ '^'^ i^Eupia, r] nEpLTiTuar] 
auTT] napEXE- Evav eupu xu>po TiapafiSTpwv 'fpiXo^Evo". 

p. IlEpiTiTCOo-r] // > 0. H tjdCa tou 6-quark [le ty]v upoo'dii^xr] twv SUSY Siop'dwaEWv PpiaxETai opiaxd 
^Eoa oTa T:£ipa[aaTi,xd opia. AvtltJetuc;, Ecpapjioyr] tou BR(6 — > 57) STiipdXXEi Eva io)(up6 xdTW opto 
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SxTltAot 6.14: H dsvSpLxou smneSou (8Lax£XO[j£vr] Ypa[U[uij) xai rj SLOp-dcJiusv/] (auvexrjc: Ypa[U[ur]) [udCoc tou 
b-quark wc ouvdpTrjar] zrjc; tan/3, yia Ajvlsp — 0, /i > xai BR(6 — > sj) ~ 4.5 x 10^''. 



OTT] napd^sxpo m^. Ta 6pi,a twv CDM oEvapiwv Lxavonoiouvxai tov auvunoXoYLo^o tuv CAE, 
yia auTEc; tic; etiltpetitec; tl^e? tou itia- KaTaXrjXTixd, r] aTiaiTir]or] TauTO/povrjc; LxavoTioiir]or]c; tuv 
Ttspiopiaijcbv ano to BR(6 — )• 57) xaL Ta CDM aEvdpia TiapEXEi x^^^po ■Kapa^ETpuv nio ■KEpiopia^Evo 
aTio Tr]v Tipor]You[i£vr] TiEpinTwar]. 

6.8 EKEXELva TTj<; £VOKoCY]or]<; Yukawa 

EnEXEiva tt]? EvoTio[r]ar]c Yukawa unapxoOv 8O0 paaixsc; Tii'dav6Tr]TE(;. H Evonoirjar] — r, aTr]v onoia Eivai 
acpLEpu^Evo TO E8. 6.8.1 xai. r] \ir] EvoTioiir]or] tuv ^eu^euv Yukawa -xia Tr]v onoia y''*'^™'' avacpopd oto 
E8. 6.8.2. Kai otic 8uo nEpiTiTwaeic;, undpxsi. X"PO'^ iriapaiJETpwv nou ixavoTioisi TauTO^pova touc (paiv- 
ofiEvoXoyixoOc xai Tou? xoa^oXoyixoOc nspiopia^ouc;. To xootoc; tiou nXripcovEi xavEL? EyxaTaXELTiovTac; 
TT] Evonoirjar] Yukawa Eivat r] EiaaYWYV] ^lac; vEac; Tiapa^ETpou oto Tip6pXr]Ha. H tan /3 8ev upoaSLopl^ETai 
tiXeov ^ovoTL^a aXXd y'vETaL eXeOtJept] Tiapd^ETpoc;. 'JlaTE, ol eXeOtJepec; ■Kapd^ETpoi tou TipoYpd^aToc; iJa 
Eivai: 

niA, AjvLSp, sign/i,tan^. 

Hpocpavcoc, x] E^. (6.13) laxuEi [iE Tr]v iSia [iopcpr] oe xofdE TiEpinTCoar]. AXXd^ouv [iovo 01 ti^e? tuv 
ouvteXeotcov. EultiXeov t] XP'H'^i'l [-iST0fpXir]TOU tan/3 xdvEi to api'd[j.r[zix6 Tipoypaijfia nio 8uaxivr]T0, Yioftt 
yia xdiOE SiafpopsTixii^ Tiy.ii ""^^^ ^an P TipsTiEi va xpiT^'-MonoiEiTai SiafpopsTiXT] aau[JTiT«Tixii^ auvi5r]xr] aTrjv 
E^. (6.7). Se oXa Ta apLiJ^riTLxd aTioTEXEOfiaTa nou "da exteiJouv ae auTO xai oto £Ti6[jevo XEcpdXaio tk]? 
SiaTpLprjC 01 SiopiJwoEic; ott] [ad^a tou Xettoviou t 8ev "da Xr](pi5ouv unotpr]. 'AXXcoote, xa'dwc r] EVOTioirjar] 
Yukawa EyxaTaXEinETaL oTaSiaxd, x] Tifir] ttjc tan/3 "da EXXaTWVETai, quote xai x] 8i6pi5coar] ttjc E^. (3.22) 
•da ytvETai 6X0 xai nio ETiouoiuSr]?. 

6.8.1 EvojtoiT]aT] b — r 

H 8uvaT6Tr]Ta tt]? b — r Evo7ioir]ar]c; avaSuETai gtic; TiepiTiTwaEic; uio^ETrjar]? ^lac O^dSac; EvoTioir]ar](;, onwc; 
r] SU{5), aTr]v onoia Ta cpspjiiovia xdTU tuhou [jTiopouv va SiEU'dETrj'douv oTr]v 181a avaTiapdoTaor]. Oi 
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nCvaxaq 6.2: Evonoi7]07] J^eO^etov Bad[jii5aq xai h — t (/x > 0) 



Ms (GeV) 


1800 


1500 


1300 


MeTapXTjTeq EiaoSou (m^(Ms) = 1.78 GeV) 


Mg (101« GeV) 


1.35 


1.39 


1.39 




25.57 


25.43 


25.3 




.628 


.593 


.564 




.419 


.296 


.188 


Metm 




oSou 






.1201 


.1202 


.1204 




.2306 


.2308 


.2310 




127.98 


128.00 


127.91 


tan/3 


42.6 


34.4 


24.2 


mt(mt) (GeV) 


166.025 


166.046 


166.002 


mg(Mz) (GeV) 


2.65 


2.94 


3.24 



aau^nTUTLXEc; tl^ec; tuv ^Eii^euv Yukawa LxavonoioOv as auTiZ] Tr]v ■KepinTuar], ^iLa ox^ar] tt]? ^opcpy^c;: 

/i((Mg) > hiMa) = KiMo) := ho . (6.25) 

H 8i.a8ixaa(a 7ipoa8iopia[io6 tou ho xai Tr\Q tan/5 e^sXiaaexai oticoc axpipwc TispiYpafpexai axo E8. 6.3.2 
[IE TT] 8ia(popc( oTi T] 8uvaT6Tr]Ta ^exapoXi/]? tou Xoyou htiMa) /ho napsxsi xr] 8uvaT6xr]xa Xri(|)r](; tioXXwv 
xL^uv Yi'Q' ti'iv tan /3. Sxov Ilivaxa 6.2 ExxMcvxai ev8ei.xxi,x6( xdmoiec xifisc tiou )(priaijiOTioir]'dr|Xav coc input 
oxo QtpL'd^ir]xLx6 Tip6Ypo([J[JO( [JE xa avxioxoi/a output. Mepixa ano xa cpda[aaxa tiou )(pr]a'.[jOT:oiir]'dr]xav 
xov unoXoyiafio xou m^(M2) Tiaps/ovxai oxov Hivaxa 6.4 [ie arp.v.o aua/EXLorjc; xir]v xifir] xr]C tan/3. 

Ap)(ixd xo i5£[ia nou s^exd^exai, e[vai xo anoxeXsafia xt] 8sv8pixo6 eTiniE8ou [sa^a xou 6-quark 
XT] [JExaSoX-f] xrjc; tan/i. Es auxo xo spcoxr][ia eivai afpisp«[isvo xo S^- 6.13, otiou Eixovi^ExaL T] 8Ev8pi.xoO 
ETi:i.Ti:e8ou ]j.aC,a xou 6-quark uc; ouvdpxrjor] xr]C tan /3. Oi dXXec; napd^expec; xou -KpoYpdfi^iofxoc 8ev xpEid^Exai. 
va xa^opioxouv y^cai r\ xaxaoxEur] xou 8i,aYpo([-i[-iaxoc auxou 8ev -Kpou-KodEXEi. xov u-KoXoyiafio xou SUSY 
cpdofiaxoc; aXXd \x6vo xr]v Xuar] xou Tipcoxou auvoXou xcov RGE xuv ^eu^euv Pa^^i8ac xai Yukawa. Se 
ap^ovia [J£ xa supi^ifiaxa xr]? Av. [73], aTio xo S)(. 6.13, Tiapaxr]pE[xaL oxl r\ ^d^a xou 6-quark au^dvEL ^e 
^Eiua/] ~rf tan/3, updyna nou i9a euvooOcje xr]v /i > nEpLTixuar], xaxd xr]v oTioia ^i,a apvr]xixy] 8i6p'dwar] 
^a auvEpaXXE va ETiavacpEpEL xr] ^d^a xou 6-quark az nEipa^axLxd aTio8EXxd ETiiTiE8a. 

To napandvu oEvdpLO uXoTioiEixai axo !])(. 6.14, otiou Eixovi^Exai. r] 8Ev8pixou ETiniE8ou xai r] 8iop'du^Evr] 
^d^a xou 6-quark uc; ouvdpxrjar] xr]C tan /3 yi-Of ^nlsp — xai BR(6 57) ~ 4.5 x 10^^. H xEXEuxaia 
ETiiXoyr] Tipoa8iopi^Ei ouaiaaxixd xr]v xi[jr] xr]c napafisxpou to^, r\ oTioia 6[i«c 8ev Eivai xaiJopiaxixii^ 
xo 8iEpEUvo6^Evo T^E^a, yiaxi 6ti«c fpaivsxai xai axo 6.6, r] m;, Tiapa^EVEi axE86v a^ExdpXr]xr] ^lE 

[iExapoXr^ xou tua- E^apxdxai ia)(upd [iovo ano xo ExdaxoxE tan /3. Ano xo E)(. 6.14 auvdyExai Eniar]? 6x1 r\ 
8iopi5co[i£vr] xai r] 8Ev8pixou ETini£8ou \xaZ,a 6-quark au^dvsi xaiJwc r\ tan /3 EXaxxcovExai. EtiitiXeov, r\ SUSY 
8i6pi5wari EXaxxwvExai xaiOcoc xo tan /3 EXaxcovExai acpou Eivai ayz^ov avdXoyr] xou tan /3 oncoc cpaivExai ano 
xr]v E^. (3.11) xai (3.13). Suvehwc, 01 8Ea[ioi nou npsTiEi va TiXr]pouvxai yia va PpiaxExai r\ (8iop'd6j[i£vr]) 
^d^a xou 6-quark ^Eaa axr]v ETiixpETio^Evr] TiEipa^axixd -!izp\.oyi\ xr]? E^. (3.18), Eivai: 

26.5 < tan^ xai > (6.26) 

Etio^evuc;, xo aiivoXo xuv avE^dpxr]xuv napa^Expuv xr]? ^Eupia? (E)(ovxa? ehiXe^ei Ao = 0) Eivai: 



niA, AjvLSp,tan^. 
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0,5 




100 150 200 250 300 350 400 450 500 550 600 

m.,, (GeV) 



SXTlUQt 6.15: H smzpSKTrj nspLoxrj azo emneSo itilsp — ^nlsp, 7i« fi <0 xai tan/3 ~ 15.3. 



V\.QL TK] auvexELQi TT]? \izkz\r\c, Tou TipoxOnou, axoXou'doOvxaL xa prj^aTa nou Ti:epiYp6i(pT]xav axa E8. 6.5.2 
xaL 6.6.2. To xdxu eniTpenTO opto tou wia xa'dopiCeTai ano Tir]v ouvdii^xr] BR(6 — > S7) ~ 4.5 x 10^''. H 
xaxdaTaar], 8r]Xa8r], sivai Tiapofioia [ie auxr] tou 6.7, [is /< > 0. A^iOTioicovxac to TUnoXoyio tou E8. 

5.5.1 yi'Ot ANE xai tou E8. 5.5.2 ^\.ql x\.c, CAE unoXoyi^IeTai to flLSph"^ HapaTripeiTai otl to ^ey'-'^™ 
eniTpeiiTO AjvLSP ocio Ta CDM aEvdpia, xu^awETaL and 0.023 [isxP'' 0; xa^tbc; to tan/3 au^dvETaL aTio 
TO xdT« opio Tr]c E^. (6.26). EniiiXsov Ta CDM opia Tr]c E^. (5.4) ■dsTom Eva dvu opto aTr\ tan/3 nou 
Xa^pdvETai oto or][i£io nou [is Aat^sp = emTUYxdvETai ft^sph^ = -22 xai sivai: 

tan/3< 49.5 (6.27) 

'Onuc; napaTTipsiTai xai ano tic; avTioTOi/ec; oTrjXec; tou Ilivaxa 6.4 [dz eXdTTUor] tt]? Ti^rjc; tou tan^ 01 
(paivo^EvoXoyixd EniTpETiTEc; ti^ec; tou ttilsp ^EitovovTai aXXd 01 avTiaToi)(Ec; tou tua au^dvovTai. 

6.8.2 Mt] Evo7ioir]aTj Yukawa 

H nio anEXEUi^Epw^Evr] ano nEpiopio^ouc; dvuiJEV nEpiiiTWor] Eivai auTT] nou E^ETdS^ETai oto E8dcpio auTO. H 
e^eXi^t] tuv Ceu^euv Yukawa y'vETai xai ndXi ano Tr]v xXi^axa EvspyEiac; GUT. Stt] 8ia8ixaoia tou E8. 
6.3.2 EnipdXXETai svac axofia nEpiopiafiog. Eni8ia)X£Tai \xz xaTdXXrjXr] EniXoyr] ttjc hi,{MG) va EniTuyxdvETai 
T] XEVTpixr] nEipa^aTixV] ti^t] yi-a tk] ^d^a tou fo-quark ano Tr]v E^. (3.18). 'E^ovTac; un6();r] ^lac; to yEyovoc; 
OTi 01 8iop'dcjjaEic; axr] y.a.Z,a tou fo-quark Eivai npoav^^ou avTi^ETOu ano auTO tou fi, 01 aau^nTUTiXEc; ti^ec; 
Tuv CeO^euv Yukawa, npsnEi va ixavonoioiiv axEOEic; tk]? ^opcpy^c;: 

htiMo) > hriMo) xai htiMo) > hriMo) oxav fx > , (6.28) 
htiMo) > hriMo) xai hiMo) < hriMo) oxav /x < . (6.29) 

IIio auyxExpi^Eva anoTEXsa^aTa tuv npoana^EitJv ^ac; xaTaypdcpovTai otov Ilivaxa 6.3. MEpixd ano Ta 

(pdatJaTa nou xpl^cJl[ionolli^'^r]xav jia tov unoXoyiatJo tou ml{Mz) napsxovTai otov Ilivaxa 6.4 \iz arjtjeio 
auaxETiar]? Tr]v ti^t] Tr]c tan/?. SuvEncoc, xai oto npoypafifia auTo r] tan/3 Eivai ^iia HETapXr]Tii^ e568ou. 
HapoXaTauTa, yia ttjv anocpuyr] auYX^oEcoc, ov(]v napouoiaor] tuv anoTEXEo^dTUV ^a napouoid^ETai uc; 
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ntvaxaq 6.3: Evo7t;o[7]07] J^eO^etov Ba'd^[5aq 



sign// 


-1 


+ 1 


-1 


+ 1 


Ms (GeV) 


400 


900 


500 


1000 


MeTapXT)Teq EiooSou (m^(Ms) = 1.78 GeV) 


Mg (lO^GeV) 


1.7 


1.5 


1.48 


1.48 




24.54 


25.06 


24.7 


25.1 




.547 


.547 


.547 


.544 




.048 


.055 


.074 


.083 


/i,(Mg) 


.075 


.073 


.1094 


.1088 




MeTapXT] 


ziq E^65ou 




a^{Mz) 


.1206 


.1205 


.1202 


.1209 




.2319 


.2313 


.2318 


.2311 




128.00 


127.9 


127.99 


127.99 


tan /? 


10.32 


10.16 


15.24 


14.95 


mt{mt) (GeV) 


166.083 


166.025 


166.054 


166.069 


m,,(Mz) (GeV) 


2.67 


2.73 


2.71 


2.70 



^ETapXr]Tri EiaoSou. Fiauxo xai y] Ti[jri Tr]c, tJa eivai Tzpoasj-fiaTixa iar] [is tic, ava'xpacfoy.svsc, tl^ec;. Oi 
Eksd^epeQ TxapdfiETpoi tou TzpopXfiy.a'zoc,, Xoitiov, eivca {Aq = 0): 

niA, Anlsp, sign/j. , tan 13. 

'Exovxac; anaXXayei omo to Tipo3X"r|tja ttjc; [da^ac, tou 6-quark, [js tT] 8'.a 'y_zip6c, SieuftsTrjari, oi cpaiv- 
o^evoXoyixoL Tispiopio^oi nou npsTcei va XT](pt)ouv UTi6(jir] sivai aacpaXcoc mo sXaaxixoi. Fia to [isyaXuTepo 
^Epo? TOU -Kapa^ETpixou /upou to xcxtu opto tou itia Xa^pdvETaL aizo tt] ^Euprjar] tou BR(6 — > sj). EnEiSr] 
[jdXiaTa yi-Of jU < 0, [aixpoTEpsc; tiijec; tou niA Eivai EniTpEHTEc, to oEvdpio // < sivai nio upovo^iaxo ano 
to > oTicjc avaXuTixd "da Ecr]Yr]t)£i oto E8. 7.5 tou ETiofiEvou XEfpaXaiou. 

Ev8Ei.XTi.xd, yiatan/? ~ 15.2 ywETai to Sidypoffifia ttjc ETiiTpETiTrjC Ti:Epioxr]C oto etiitieSo mLSp — ^NLSP, 
jia n < nou Eixovi(lETai oto 6.15. Via to axoTio auTO, cpuaixd a^iOTTOisiTai, to TUToXoyio tou 

E8. 5.5.1 yia tic, ANE xai tou E8. 5.5.3 yia tic CAE. IlapaTripELTai oti to etiitpetito (pda[ia Tificov 
tou LSP EivaL: 100 GeV < rriLSP ^ 578 GeV ^e A^lsp — O-^- ETi:[ar]c;, UTidp^EL ^ixpi/] TiEpioxV] Y'-°' 
100 GeV < niLSP ^ 120 GeV aTr]v OTioia Eivai 8uvaT6v va XrjfpiJouv xoaiaoXoyixd aTio8EXTd anoTEXsafiaTa 
XCjpic Tr]v EVEpYOTi:o[r]ar] twv CAE. 'OXec oi CAE [le xdicoio higgs otic, teXixec xaTaoTdoEic Eivai aTioxXEta- 
^EVEc; XLvrj^aTLxd acpoO o TO^Eac; higgs tou TipoT^Tiou Eivai apxETd papuc (360 GeV < niA < 1650 GeV), 
Yi-OfUTO xai TO [JEyioTO S'lriTpEiiTO nriLSP (578 GeV) Eivai apxETd [JixpoTspo aiio to avTiaTOL)(o tou E8. 6.6.1, 
(770 GeV) acpou r] TaTiEivcoar] TTf, CRD Xoyw tcov CAE Eivai aonJEVEaiJEpr]. 

Su^TiEpao^aTixd, r\ TiEpiTiTwar] [JT] EV07ioir]ar]C Yukawa 8ia'd£TEi [iEyaXuTEpr] Euxaipia 8La)(Eipr]or]c; tuv 
eXeutSepwv TiapaiJETpwv tou TipopXr][iaTOc;. Etov Hivaxa 6.4 8[vovTai xdiioia (pdaijaTa [ja^wv twv sparticlcs 
xai higgs 7I0U avTiaToixouv oe tiijec; twv [JETapXriTwv twv Ilivdxwv 6.1, 2, 3. napaT'r]p£iTai oti [je sXXdTCoar] 
TTf tan/3 TO EXdxiCTTO 8uvaT6 rriLSP sXXaTwvETai aXXd to avTioToi^o niA aucdvETai xai ax6[ja oti ^e 
tan < 15 01 \xaZ,ez tcov cr TiXr]aidCouv auTH] tou T2 otiote Xafipdvouv \xipoz c7tic; CAE. E-Kiorjc; 
oTaiOEpo tan/3 to EXd^ioTO 8uvaT6 rriLSP Eivai ^ixpoTEpo aTr]v nEpinTWor] /i < 0. 
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ntvaxaq 6.4: To cpaa^a Ttov sparticles xai Higgs (MdtJ^eq oe GeV) 











= 0) 








sign/x 


-1 


-1 


-1 


+1 


+ 1 


+1 


-1 


+ 1 


+ 1 


tan /? 


46.28 


45.96 


45.89 


52.8 


34.4 


24.2 


15.24 


14.95 


10.1 


Ml/2 


477.5 


652 


813 


1600 


896.4 


731.4 


244.8 


578 


493.5 


mo 


292.4 


395 


457 


805 


334.7 


227.9 


77.1 


152.9 


139.1 


X 


208.7 


288.6 


363.5 


733.5 


401.8 


325.9 


102.5 


254.8 


217.0 


X2 


387.4 


537.0 


674.9 


1350.3 


748.4 


607.7 


185.9 


477.4 


406.4 


X°s 


586.4 


769.1 


926.6 


1668.3 


1037.9 


867.2 


334.1 


717.2 


625.3 


xl 


601.5 


782.3 


938.9 


1677.3 


1047.1 


876.9 


355.9 


726.4 


633.9 


xt 


387.3 


536.9 


674.8 


1350.3 


1047.4 


877.5 


356.4 


727.4 


635.5 


xt 


601.8 


782.4 


938.8 


1677.3 


748.4 


607.7 


185.2 


477.4 


406.4 




1125.4 


1502.2 


1836.5 


3439.7 


2018.3 


1666.5 


604.5 


1348.6 


1159.8 


ii 


933 


1217 


1466.1 


2676.6 


1637.7 


1384.5 


570.7 


1150.0 


1000.5 


h 


777.9 


1052.6 


1290.8 


2430.7 


1405.8 


1155.3 


396.9 


931.7 


798.8 


hi 


908.6 


1196.1 


1447.3 


2664.4 


1630.5 


1381.3 


529.5 


1150.6 


997.3 


62 


793.6 


1073.9 


1315.1 


2465.8 


1563.8 


1337.4 


500.0 


1114.4 


964.1 


Ul 


1052 


1403 


1704.3 


3157.4 


1835.3 


1509.8 


552.2 


1221.2 


1052.2 


Ur 


1011 


1345.6 


1631.1 


3008.7 


1752.3 


1442.1 


530.5 


1168.2 


1007.2 


dL 


1055 


1405.5 


1706.1 


3158.4 


1835.3 


1509.8 


552.2 


1221.2 


1052.2 


iIr 


1006 


1.3.38-7 


1621.9 


2988.7 


1741.2 


14.33-1 


527-7 


1168-2 


1001.3 


T\ 


438.8 


577.3 


689.3 


1268.04 


688.7 


550.8 


201.0 


430.5 


372.2 


T2 


208.8 


311.4 


380.5 


733.2 


401.3 


325.9 


111.4 


258.4 


232.4 


Vr 


404.3 


550.9 


667.1 


1256.5 


674.5 


538.6 


175.3 


419.7 


361.9 




443.8 


599.9 


721.4 


1346.9 


698.1 


550.9 


188.0 


427.3 


368.6 




347.8 


469.5 


553.9 


1009.4 


478.1 


360.3 


121.6 


268.8 


234.5 




436.6 


594.6 


717.0 


1344.6 


695.1 


547.2 


176.7 


422.5 


363.0 


A 


100 


150 


200 


400 


865 


865 


360 


800 


710 


h 


99.6 


121.7 


123.2 


126.9 


124.3 


122.5 


114.2 


120.5 


118.3 


H 


119.4 


150.1 


200.2 


399.9 


864.9 


865.0 


360.0 


800.1 


710.3 




127.9 


169.9 


215.5 


407.7 


868.6 


868.6 


368.6 


803.9 


714.4 



KecpcScXaio 7 



MSSM :ipo£p^6^£vo qlho ty] 0£copCa 
Hofava-Witten 

7.1 ELaaytoYK] 

Mia exSoay] tou MSSM upoepxofisvr] ano \iiql "dscop'-a TTiep)(op8wv [je to 6vo<ja Hofava-Witten sivai to 
avTixsifiEvo [iEXsTr]c tou TsXeuTaiou auTOU xscpaXaiou vrf 8iaTpipr]C. Sto E8. 7.2 yLVSTai jaia 7i£piXr]T:Ti,xr] 
Tiapouaiaar] tt]? iJEupiac; Hofava-Witten. Sto E8. 7.3 sxTiiJsvTai Ta prj^aTa tou apii5[ir]Tixou UTioXoyia- 
^ou. 'EnovTai t] TiapafiETpixii^ [ieXsTr] tou TipoTOnou oto E8. 7.4 xai t] cpaivoiJEvoXoYixii^ oto E8. 7.5. 
Ta xoafioXoyixd anoTsXsafiaTa tiou napouaid^ovTai oto E8. 7.6 xai to xscpdXaio oXoxXr]pcov£Tai ^is Tr]v 
xaTaypafpr] t«v aufiTiepaafidTWv oto E8. 7.7. O aviyypafs^iac, -r\z SLaTpipy^c; auTi/]? 8ev \j.EkExfpE\. 
©Ewpia Tn£p)(op8a)v. H auvsiacpopd tou aTir]v spyaaia Tr]C Av. [45], aTr]v OTioia aTr]piJl£Tai to XEcpdXaio 
auTO, riTav o iXz-xyoQ tou TipoTUTiou as ya\xr\kiz svepYSiec, STii8icoxovTac TauTOXpovr] ixavoTioirjar] xpiTipiuv 
cpaivo^evoXoYixuv xai xoafi oXoyixcov. FiauTO xai to xupio pdpoc ttjc napouaiaarjc emxevTpwdEi oTir]v 
avdXuar] tuv anoTeXea^dTUv, nEpiopi^ovTac tic; iJEupriTiXEc; avacpopEc; oto zkayyaxo SuvaTO, acpoii oi Evvoiec; 
■Kou unEiaEpxovTai 8ev eivai oixeiec otov ypdcpovTa. 

7.2 To TipoTUjio Hofava-Witten 

Hpoa(pdT«c oi Hofava-Witten aTr]v Av. [74] £8si5av oti oi tievte 8iaTapaxTiX£(; i^EwpiEc yop^<!d\ (tutiou I 
avoiXTEc jop^ZQ, tOtiou ha xai HB xXeicttec )(op8£<; xai oi Siio xXeiotec; ETEpoTiXEc x^P^^^ auiJ[J£TpiEc 
Pat)tji8ac; x E'^ xai 50(32) ) xai T] 11 8iaaTda£wv UT:£ppapUTr]Ta avTioTOixouv az 8ia(pop£Tixd X£vd tjiac; 
UTiEpx£LjiEvr]C t)£[i£Xico8ouc i^Ewpia? nou XsyETai M-Qswpia. Se auTT] Tr]v lOEwpia Ta TiapaTripr]aijia TC£8ia 
Pa'd[ii8ac TiepiexovTai aTrjv 10 SiaoTdoEuv o^dSa nou PpioxETai oto Eva dxpo ^lac; ypa\x\xi\z \xf\KO\JZ p, 
evw o aTiaatJEvoc; TO[a£ac t«v tie8i«v TiEpisxETai oto utioXoitio T[jr][ia Tr]C o[jd8ac; to E'^ tiou TOT:ot>eT£iTai oto 
dXXo dxpo TT]? YPO'MMilC- Su^nayoTioiricyr] (compactification) tou x^i^pou, Eniar]?, UTioTi^ETai ae eva /Z2 
orbifold. Ta iiESia papUTrjTac; 8ia8i8ovTai otov oyxo auTOU tou 11 SiaoTdoEuv xaTaoxEudaijaTOC nou 
^oidCei [JE eT:'.T:£8o tiuxvott] xai aTiEixovi^ETai TiapaaTaTixd oto E^- 7.1. 'OTav to tjy]xoc; p ttjc; £v8idtjea"r]C 
Ypoffifir]? TEivEi OTO \j.rpiv, tote 01 8uo nXdxEC ou^tiititouv xai npoxuTiTEi r\ aoiOEVw? ou(lEUYH£vr] i^Ewpia 
Xop8tJv. 

H tJEyaXuTEp'r] eniTUX'-a ttjc; iJewpiac; twv Hofava-Witten sivai rj Xua'r] [je sufpu-f] Tpono tou T:popX7]tJaToc; 
TT]? EvoTi:o[r]ar)(; twv CeuCewv pa'dni8a(;, 8r]Xa8ii^ o nr]8Evia^6(; tt]? EV£pYeiax-f]c a-KooTaorjc; tiou TiposxuTiTS 
avd[iEoa ott] xXitjaxa ttjc SUSY-GUT, Mq — 2 x 10^^ GeV xai oTr^v xXitaaxa EVOTioi-r]ar]c; ttjc; xop^^lC 
Mstring — 5 X 10^'^ GeV TTOU UTToXoyi^IoTav [iz T"r|V aattsvwc; au^euY[Jev"r| t>ewpia ypp^cdv. ETr]v laxupcoc 
auCeuYHEVT] lOEwpia xop8wv oi etiitiXeov Kaluza-Klein xaTaaTdasic; 8ev ETir]pEd(louv Tr]v eceXi^T] tcov (^eu^euv 
Pa'd[i[8ac; aXXd ^ovo ETiiTa/iivouv Tr]v e^eXi^t-i tt]c; 3apuTixr|C; Ceuc^c; [je aTioTEXEOfia Tr]v [iEiwar] tou Mstring 
OTO Mq. EtiitiXeov, to SSB ttjc; SUSY tjeaa aTa TiXaiaia ttjc; M-Gewpiac; o8riYEi oe [id^Ec t«v gaugino T'r]c; 
Td5r]C Tr]C t-id^ac; twv gravitino, oe avTiiOEar] ^lE Tr]v TiEpiTiTwar] tt]? acrdEvcjc; au^EUYHevrjc; iJEwpiac; xopS'*^^ 
TIOU TipoEpXETiE TioXu EXacppEC jidC^Ec; Y'.Q' gaugino. 
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SxTl^ot 7.1: Mia TiapamaTLxr] aneixovLar} tou evdsxadLdaTazou xapou t?jc Oeapiaz Hofava- Witten nap- 
[usvr] ano T/jv A v. [75] 



napo[joiuc \ds Tr]v TispiTiTwar] ttjc acrdevcoc auCsuY[-isvr](; iJewpiac; xop8wv, -r) aujiTiaYouoiriar] ttiC i^Ewpiac 
Twv Hofava- Witten oe x°iH>1^0TepEc; SiaoTdoEic; ^nopei va o8r]Yr]OEi axo SSB tt]? £^8 oe cpaivo^EvoXoyixa 
nio EvSiacpepouaec; o^oiSec;. AtaxpLvovTai ol ■KepinTtbaeLc;: 

• KaiJiEpcofiEvr] Eficpuxeuar] (SE). Se auxr] xrjv TiEpiTiTUor], to SSB ttjc; o8r]YEi oTr]v Ee- To SSB 
Tcov aTiXwv otjaSwv (iJe, 50(10)) eTiiTUYXOfVExai [je tt] XP"'!*^''! oe auvacpr] avan:apdaTaar|, Ta 
onoia 6[icoc 8ev ixEpiEXOVTai axa aTcotJEivdpia twv t>£wpi,a)v xopSwv. Otiote to SSB Tr]c E^e [JTtopEt va 
Tipa'xy.caioTioiri'dsi [lovo [jsau tuv Ppox^v tou Wilson xai r] Tip6pXEc|jr] tk]? Evonoirjar]? tuv ^eO^ewv 
Yukawa x^vETai. Evtoutoic, av to SSB ttjc; Eq ohriYrpei aTr]v oiadSa Tpi-Evoiio'.r]ay]c;, 5L^(3)c x 
SU{3)l X 5t/(3)i{, r] aTr]v 5^7(6) x [/(I) [iTiopEi va ETiiTEuxtJEi avTiaToixa t] TipopXEtjir] ttjc TiXrjpouc r] 
b — T zvoTzoir]ay]c. Yukawa ou^cpuva ^e Tr]v Av. [79]. 

• Mr] Kat)i£pwtj£V"r| EtjcpuTEuar] (NSE). Se ami] Tr]v nEpiTiTwarp to SSB ttjc -Eg oStjyei oe ofidSEc; otiwc; 
Y] 50(10) xai 5L^(5), oi ottoiec; apx'.xd euvoouv "r]v TtX7]pr] ■/] [jspix-f] EvoTioirja'r] Yukawa. H tj-r] uTiap^r] 
auvafpwv utteptteSiwv Higgs, otjwc, o8r]Y£^ cte SSB twv otadSwv auTwv [Jsaco tcov ppoxwv Wilson, 
OTioTE Ti TipopXscJjT] Y-0( xdnoiou E180UC EvoTio[r]ori Yukawa xofVETai. Evtoutoic, UTidpxouv xaTaaxE^Ec; 
[ds [jEYaXuTEpo Kac-Moody ettitteSo xaTd Tr]v Av. [78], oi otcoiec; csTtspvouv Trjv Tpoiouaa avaipeax]. 
En'iariz, av xaTd to SSB -rfi Eg Tipoxu(jiEi r] ofidSa Pati-Salam SU{4)c x SU{2)l x SU{2)r, tote 8ev 
aTiaiToOvTai oi Ppoxoi Wilson yi-Q(t^ ami] r\ o^dSa nEpLEXEi xai tt] SU{A)c xaL Tr]v SU{2)ji oi otiolec; 
SiaiSETOuv auvafpT] UTiEpTiESia Higgs. 

Su^nEpaataaTixd, oXec; oi aou^nTWTixEc; oxeoeli; ^ETa^u twv (^eu^ewv Yukawa Eivai EniTpEHTEc; ^soa oTa 
nXaiaia Tr]c "dEcopiac Hofava- Witten. 

Ol aaufiHTWTiXEc Tifisc t«v SBT ttjc; iJEupiac; auTr]c SivovTai otic Av [76] xai [77] Eivai oi iSiEc xai aTr]v 
TiEpiTiTwar] TOU SE xai tou NSE. H iJEwpia npoTEivEi TiaYXoa^iEc; apxixsc; auvOv^XEc; y\.aL touc; SBT, 8r]Xa8yi: 

• Mia xoivr] \i&^a yia xa gaugino, M1/2, 

^i/2 = ^Y^(sin^ + ^cos^). (7.1) 

• MLOt xoivf] \j.6iZ,a yia xa pai^^acoxd neSLa, mo, 

"lo = ^3/2 - T^^f^ (^(^ + ^) ^^"^ 61 1- (3 I- 2e) cos^ 9 - 2 V^e cos 6* sin 0^ . (7.2) 



7.3 ApL'dijrjTLxr] eneZepYotaia 
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• Mia xoivT] Tgvxga]j.]j.\yd\ (leu^r], Aq, 

Aq = - f (3 - 2e) sin 61 + ^/3e cos . (7.3) 

3 + e \ / 

OTiou m3/2 ■»] [ia^a tou gravitino xai 9 r\ ywvia tou goldstino [is < < 7r/2 xai < e < 1 axo SE, 
— 1 < e < 1 to NSE. H a^ioTioir]ar] tcjv ap/ixcjv auTCJV auvi5r]xcjv axa nXaiaia tou MSSM sivai o 
cJTOxoc; TT]? eno^EVT]? ■Kapacppdcpou. 



7.3 ApL'd^irjTLXn^ eKs^spYaoCa 

H ^eXetit] tou MSSM ^e tt] )(pr]oi^OTioiir]or] tuv ap/Lxuv ouvi)r]Xuv tcov E^. (7.1), (7.2), (7.3) Eivai o 
axoypz auTOU tou XEcpaXaiou ttjc SiaTpiPrjc. H apii5[ir]Tixr] EHE^Epyaaia ytvETai \xiaa oxa TiXaiaia nou 
E)(ouv Sle^oSlxoi nEpLYpacpEL axa E8. 6.3 6.4 tou Tipor]YoO^Evou XECpaXaiou. nEpiXr]TiTi,x6i, Ta pri^aTa tou 
UTioXoyLCJ^oO xaTaypo'^o'''™!' 'KapaxdiTu: 

• EupEor] Tir]c; xXi^axac; EvoTioirjoiqc; Mq xat TT]? EVOTioLrj^Evr]? ^Eu^rjc;, go- Auvovtwl apLiJ^riTLxd oi 
RGE Tcov (Ieu^ecov paiJfiiSac tou E8. A'. 2 [je Soxi^aoTLXEc; ap/ixE? ouv^rjxEc; ^i^/pi. Tir]v ehiteu^t] tuv 
TiEipafiaTixcov Tificov twv E^. (6.5) xai (6.6). 

• T-KoXoyio^oc; tou tan /? oto Ms- IIapd(XXr]Xa ^e tt] Xuot] tuv RGE tic Csuceic paiS^iSac;, XuvovTai 
OL RGE yi-ot TLc; ^eu^elc; Yukawa, ndXi \xz 8oxi[iaaTixE<; apxLXEc; auvdr^xsc;. XprjaijionoLUVTac; tic; tl^ec; 
mr{Ms) = 1.78 GeV xai Tr]C E^. (3.21), cdc, eiaaY6[a£va oto T:p6Ypa[J[Ja, TipoaSiopi^STai r] tan/? 
OTO Ms. Etio^evuc; T] tan/3 eivai aitoTsXEa^a tcjv aauTiTWTixwv axEOEWv nou ixavoTioLouv ol ^eO^elc; 
Yukawa xai, oxl ^iia EXEii^spr) T:apd[JETpoc;. Autec; ol axEOEic; xaTJopL^ovTai, elte aTio aau^TiTUTiXEc; 
uno'dsaEic {iikfipouc, t] [lepixfic, Yukawa EVOTioiarjc) eite aiio T"r|V aTiaixTjar] rj jipoxuTiTOuaa oe xXi^axa 
Evspysiac Mz yiaZa tou 6-quark va Eivai aTr]v XEVTpixr] Ti£ipa[iaTixr| Titar] -rf EZ- (3.18). 

• TTioXoyiafioc tou fi. AOvovTai ap'.i}jir]TLxd ol RGE twv SBT [is ap^ixsc ouvi57]xe<; t«v E^. (7.1), (7.2) 
xai (7.3). Se xXifiaxa Evspysiac Ms unoTMETai etiltuxec SSB xai npooSiopiCETai r] TiapdfiETpoc [isou 
Tr]C E^. (2.45), xPT^'-M'^''^°'-""''''^°"^ ■n:pooEYYi'''''l tou tree-level renormalization group improved 
effective potential auficpuva ^e Ta avacpEpo^Eva oto E8. 3.2.1. 

• Tn:oXoYia[i6c tou SUSY cpdaiaaTOC Tr]c i^Ecopiac. Me z'^apidoji] tou TunoXoyiou tou E8. 2.5 u- 
noXoYiCETai to SUSY cpdataa tou npoTunou. To LSP ttjc 'dsopiac upoxunTEi otl Eivai ^op(pr]C bino ^e 
xaiJapoTriTa 98% evo to NLSP Eivai to EXacppoTEpo stau [iopcprjc 8E^i6aTpocpir]c;. Enior]?, ou^-KEpiXa^- 
pdvovTai OL 8Lop^uaELc; oto h [is XP1T"'M°^'^'T'^ ™'-' tuhoXoylou tou E8. 3.2.2. 

• EnavaxaiJopLafioc tou Ms- 'E)(ovTac; utioXoylctel to SUSY cpdafia, [iTiopEL va xaiJopioTEL r] xXifiaxa 
Ms HEow TT]? E^. (3.1) onoTE ^e auTO 8E8o[i£vo X] 8ia8ixaoia ETiavaXa^pdvETai ^leXP'- ''^''1"'' eit^tEu^r] 
EuaTaiJoiic; XOoeuc;. 



7.4 napa^expixTf] ^eXeTY] 

Apxixd, Ol eXeutJepec Tiapd^ETpE? tou TipopXr]^aTOc;, ELvai: 

tan/3, sign/i, 6, e, 7713/2- 

'E^ovTac; UTiocJ^'r] [Jac; ttjv E^dpT'rjari tou m a a^o tic; aautJTiTWTLXEc; [Jd^Ec; twv scalar xai gauginos , [JTiopEi 
va tJe^eXiwOel apii5[ir]Tixd tjia Tiapotjoia ayeax] paoio^Evr] oe texvlxec ti:ou exouv rpr] nEpiYpacpEi oto E8. 
6.4.1 xai 01 onoiEc; loxuouv [je tjia axp'-Psia ttjc Td^Euc; .02%: 

TO^ ~ 03/27713/2 + Cs77i3/2 sin^ 8 + C2sm\i.2 sin 26 - M|, (7.4) 

^E ouvteXeotec; C3/2 ~ 0.1, Cg, C2s ~ 1, xaiOopL^onEvouc ajio to apiiJ^riTixo npoYpa^^a yia xonde Tifir] 
Tuv e, Ms, ta.n/3. Atzo tt] oyiar] ami] UTioXoYi^ETai to 7713/2 xP''l<^'-M'^''^°'-""''''^°"^ "'^ eXeutJepec; napafiETpouc; 
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nCvaxaq 7.1: SuoxETio^oq napa[jieTp(ov {fx < 0) 



MeTapXTjTEq EiaoSou 




tan /3 = 15 
TO^ = 450 GeV, Anlsp = 0.2 


tan/3 = 31 
niA = 660 GeV, Anlsp = 0.06 




e 


m3/2 (GeV) 


0.5 0.8 0.9 
7r/2.25 7r/3.33 7r/3.56 
231.93 267.18 276.68 


0.3 0.6 0.9 

7r/2.75 7r/4.4 7r/4.95 
349.37 460.9 496.34 


Ti^eq Ao'devtov 'Optov 


Ml/2 (GeV) 
mo (GeV) 
Ao (GeV) 


277.17 277.8 277.98 
120.75 120.63 120.46 
-243.32 -237.12 -235.6 


456.92 457.36 457.6 
248.58 248.08 247.71 
-439.91 -435.55 -433.54 



Tic; tan/3, e, 9, rriA- H STiotjevr] Tiapdtjsxpoc nou Tipeiisi va [JSTapdXXeTai xaTd QoQ\rpr\ E'.vai, '(] ayz'^yd] 
Siacpopd tjdCotc; avd[a£aa oto LSP xai oto NLSP, AAr^sp nou opi(l£Tai oTr]v E^. (5.11). Kai auTo, 8i6ti 
T] napdtJSTpoc; auxr] eivai xpiaiiar] yia Tr]V oixoSotariaT] svoc; eultu/ouc; CDM oEvapiou acpou puiJtjiCsi Tr]v 
evxaar] tcov CAE. 

Sxo ar\[dd.o auxo y'^E'i^ofi [iia TiapaTr]pr]ar] tiou avaSOsxai ano to apii}^r]TLx6 Tipoypanna xai por]'dd£L 
aTTjv TispaiTEpu auoToXrj tou napafiSTpixou )(copou. Tudp^ouv LooSuva^a auvoXa tl^uv tuv TiapafieTpuv 
6, e, 'm^/-2, 8T]XaSr] Tificov nou Tiap£)(ouv tioXu Tiapotjoia auvoXa Titjwv y'-O' touc; opouc; mo, M1/2, ^o, 
^Eow Twv Ec. (7.1)-(7.3). H tzio aTioxXior] axa iao8uva[aa auTd auvoXa ti^wv TiapaTrjpEiTai oto 

^0 >'Q'i. etvai [JixpoTsp'r] tou 1%. Tou Xoyou to aacpaXec EixipEpaicovsTai [js avacpopd otov n[vaxa 7.1, otiou 
SivovTai 8uo Tuxaia T:apa8£'.Y[-'0'~o' Y'-O' "'-t^ avaypafpotasvec; Titjec; siaayotasvcov aTO npoYpafifia Tiapa[i£Tp«v 
tan/3, m^i, Ajvigp. HapaTripeiTai oti undpxouv Tpsic; 8ia(popETixS(; ettiXoyec 0, e, m3/2 xdiJe TiepinTuar] 
Tiou Tiapexouv napaTiXr]aiEC Ti[iE<; yia touc opouc ao^evouc Tiapapiaarjc ttjc SUSY, mo, M1/2, ^0 
STiofiEvwc, a)(£86v TauToarjtaa cpdafiaTa tcov sparticles. Ta Tiapa8EiY[-iaTa avacpepovTai as /x < 0, ettiXoyt] 
nou 8ev ■Kepiopi^ei xaiOoXou tt] Yevix6Tr]Ta Tr]c TiQ(pQ(Tir]pr]cyir]c [J-ctc.. 'Onuc (pawETai, to m3/2 [JETapdXXsTai 
evTovuc OTLC TiEpLTiTtbaEic icJoSOva^ou (pda^aToc, TipdYHa 'kou arjuaivEL otl T] npaTrip/ior] auTT] Ta5iv6[ir]ar]c 
T«v iao8uva[i«v apxixcov auvdr^xcov 82 i5a Y^voTav, av 8ev elxe y^'^'E'' [iSTMEor] tuv napa^ETpuv aTio to 
™3/2 OTO m^, [isaco ttjc apii5iar]Tixy]c E^. (7.4). 

AiaYpa[jijaTixd r] 7iapaTy]p"r|ar] amr] [inopei va ava8£ix^£i [Je Tr]v T:apouaiaar] xafiTiuXuv oTaiJEpou 
Anlsp, iTiA ctto eT:'.T:£8o e — ^ jia em\£j\divEQ tic utioXoitisc napafiSTpouc tou Tipo8X-f]tJaTOC. Oi xafiTiOXsc 
auTEc t-iitopoOv va ovo^aaiOoOv laocpaa^aTLXSc, Y'^Q'"'^' Tidvu as auTEc, to (pda^a Tr]C "dEwpiac Tiapa^svEL OTa- 
■dEpo, EXTOC ano TO 1713/2- AivovTaL 8uo )(apaxTir]pi.oTixd napaSEiYHOtTa oTa S/. 7.2, 7.3 SiaXsYOVTac fx < 
xai tan /3 ~ 10, itia = 450 GeV "xict to npuTO xaL tan /3 ~ 36, itia = 775 GeV "xict to SsuTepo. HapaTripEiTai 
OTi: 

• Tudpxei Tispiox'/] oto £ti[tis8o e, ^ tiou anoxXeiTai Xoyw Tr]c aTia[Tr]ar]c tJetixou opia[Jo6 tou mo [i£a« 
Tr]C E^. (7.2). AuTiT] ei.xovi(lETai oto ndvu 8e^i T^Vi^a tuv Ex. 7.2, 7.3 xai, eivai av£^dpTr]Tr] aTio tic 
ETiL^Epouc etilXoyec Tiapa^ETpuv. 

• Me oTa^Epo e, au^rjar] tou ouvEndYETai [isicoar] tou Anlsp 

• Me a-adep6 6, 6-av > [<]n/6, auc,r]ari tou e, auvErAysTai [jEiwar] [aucrjarjTOU Anlsp- 

• 'OTav < 7r/6, [le OTaiJEpo e, to ^eyioto A^r^sp EniTUYxdvETai OTav ~ 7r/9. Etio^evcjc, xai 
Xa^pdvovTac UTi6(jjr] to TpiTO orj^Eio tuv TiapaTripr^oEuv nou EYivav Tiapa-Kdvu, to ^eyioto SuvaTO 



7.4 napa[j£TpLxi] /jeAet/j 
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SxTltxa 7.2: Ka[unuXs<; ora'depou Ajvlsp (0, 0.2, 0.4, 0.5, 0.6) ctto smnsSo e — 6, yioi ruA = 
450GeV,tan/3 = 10 xaL fj. < (Ms = 500 GeV^. H nspLo/rj ndvcj ano tt] 8Laxsxo[usvr] Ypa[U[urj anoxXsLszaL. 



AjvLSP STTLTUYXavETai -^la e = .99 xai 9 ~ 7r/9. Me tov opo [dsxiaTO Suvaxo Ajvlsp voeiTai to 
^eyLOTO AjvLSP 11:00 ^TiopEi va eniTEU/^ei oXouc; touc; Suvaxouc; ouvSuao^ouc; e, ^ X"?''^ 
auvunoXoyiafio xdmoiwv xoafioXoyixcov nepiopiafitjv. O auvuTioXoYLcy^oc; auTtJv tuv ■Kepiopia^tov 

TiaTlda)(£l. TO [lijlGTO eTIlXpETITO AjVi5p, A™£gp. 

• 'Oxav 8 < 7r/6, unapxei. eXdxi'OTO e yi^a xdcds eTii'du^r]T6 6. Auto PpioxsTai, OTav 6 ~ 7r/9. FiauTO to 
Xoyo, 01 xa^niiXsc; auTEc; E)(ouv to Eva dxpo touc; oto 6 ~ 7r/9 xai 8ev E^eX[aaovTai mo xdiTU. 

• SuyxpivovTac; Ta 8uo 8iaYpd[jijaTa autJitepaivETai oti ije au^rjar] tou tan /3 to [dsjioTO SuvaTO Ajvlsp 
[iEicovETai xai auvsTiwc; UTidp)(£i tan /3 oto otioio to [jeyictto SuvaTo AAr^sp "da Eivai [ir]8£v. Atio to 
amsio auTO, tan /3 ~ 46, r] iSECopia yivETai aSidcpopr] xoajioXoyixd jiaxi Sia'dsTEi cpopTiafisvo LSP 

• oua)(£Tia[j6c; tou itia \dz to [dsyiGTO SuvaTO A^r^sp Sev e/el ^eXettjiOe'. as pdcdoc;. Tia tan > 15 
xaL yia tic cpaivo^EvoXoyixd ETiiTpETiTEC TiEp'.o)(£c; TiapafiSTpcov ano tov Tuspioajio tou BR(6 57), 
E/EL Ti:apaTr]pr]^Ei otl ^e au^rjor] tou m^i aucdvETai to [deyiaTO SuvaTO A^risp, npayyia tiou a^- 
LOTioLEiTai aTr]v xaTaaxEUT^ tou S^- '''•'i' otiwc ec.rijeLTai axo E8. 7.6.1. AvtitJetcoc;, yia tan ,5 < 15 
TiapaTr]py]'dr]XE avTMETT] aufiiiEpifpopd, 8r]Xa8r], aO^i^ar] tou Ajvlsp ^ie ^lEicoar] tou m^i. To yzyovoQ 
auTO, avaSuxv^ETai aTr]v xaTaaxEUi/] tou E)(. 7.4, otiuc; E^rjYEiTai oto E8. 7.5. 

• Me aTaiJEpd niA, ^nlsp 'X-^^ tan /3, to EXd)(iaTO 7713/2 Xa^pdvETaL ^e to ^EyioTO 6, onuc; ■KapaTV^pEiTai 
xaL OTO a)(ETLx6 Ilivaxa 7.3 

Etio^evuc;, to teXlxo ouvoXo avE^dpTir]TUV napa^ETpuv tiou xa^opi^Ei TiXripuc; to Tip6pXr]^a, Eivat: 

tan/3, sign/i, Ajvlsp, m^. 

H TiapaTrip-r]a'r| tt^c, auaToXr^c, tou TiapafiETpixoO x^pou tou E^ETa^ofiEvou npoTiiTiou Eivai, 71:0X6 ar]\davTix'fi 
xai a8iatJ(pi,ap7]T'r]Tri autjfpwva \de xa OTOLXEia itou TiapaTSiJrixav, av xai Sev e^ei xaTavorjiDEi nXrpo^c;. Aev 
E^Ei ppEtJEi, 8r]Xa8ir], t] TipoEXEuar] Tr\z i8i6Tr]Tac; auTT^c tiou Tiapouaid^ouv 01 apxixsc auvi}r]XEc tcjv SBT tuv 
E^. (7.1)-{7.3). 
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Sx''!!-*''* '^•3: KayinuXez oTodepou A^^sp (0, -02, .03, .04, .042, .046) axo enLKsdo e — 8, yia wia = 
775 GeV, tan ^ = 37 xaL /x < (Ms = QOOGeVJ. H nspLo/rj ndvcj ano t?j SiaxExonevr} Ypa[U[urj a-KoxXsiSTca. 



7.5 $aLvo^svoXoYLXTQ ^sXety] 

H cpaivofiEvoXoYixr] \x€kiTr\ tou TipOTUnou ^exivd \xe tov UTioXoyiafio tou BR(6 57) axoXou'dcovTac to 
TUTioXoyLO TOU E8. 3.4.1. ETiipepaicjveTai xai aTr\v TiepinTwar] auTH] otl yi^a > 0(< 0) ""^o BR(fo sj) eivai 
axj^mivo (eXXaTU^evo) oe aysor] [is auTO tzoxj TipoxiiTiTEi ano tlc; auvEiacpopec; tou SM xai tuv cpopTia^Evuv 
[iTio(lovicov Higgs . EneiSr] r] auvsiacpopd tcov chargino aPr]V£i xaiJcoc to niA au^dvEi, aufinEpaivsTai oti 
^Tiopei va Pps^ei tl^t] tou uia yiSTCi ano Trjv OTioia to BR(6 57) ^Tiaivsi xai Tiapa^evsi aTrjv Ti:ei.pa^aTixd 
ETiiTpETiTri mpioxfi TIT]? E^. (3.50). 'Oote, oto [lEYCik'jTepo ^epoc; tou xpir]oL^OTi:oLou^Evou napa^ETpixou 
Xtbpou 3 < tan/3, to xaTWTepo opio oto uia [mopsi va ■KpoaSiopiaTEL aTio Tr]v anaiTrjar] BR(fo — > S7) ~ 
4.5 X 10-4 (?] ~ 2 X 10-4) yia fi > (y] /< < 0). 

H Xoyixf] auTT], ecT|Y£'-~o'- xaXuTspa [ie avacpopd oto S)(. 7.4. Se auTO exTWevTai coc auvapTrjar] tou 
n^LSP o>. auvsiacpopec oto BR(6 57) aiio to MSSM jia jia tan/3 ~ 10 xai -xia Ajvlsp = 0.065, OTav 
/i > evw yiof ^A'LSP = 0.6 OTav /u < 0. Oi eTuXoyec Jiol to AAr^^p TipoEpxovTai aKO touc; xoafioXoyixo^c; 
nepiopiafiouc otiwc i5a fpavsi oto E8. 7.6.1. Bspaiwc; r\ Tifir] tou BR(6 57) ia)(updt ecapToiTai ano Tr]v 
Tiy.i] TOU xai 71:0X6 acydEvsoTspa aico tt] Ti[a-f] tou Anlsp- nspiXafipdvovTai 01 auvEiacpopEc; aito to SM, 
xai ano to SM auv to cpopTiafisvo higgs (SM+iJ+). H Ypo'[-'[-'''l 1*1 avacpEpo^Evr] ott] auvEiacpopd am to 
MSSM y-a Ajvlsp = 0.6, < oTafiaTd Tr]v e^eXi^t] ttjc y'^P" oto ttilsp — 212 GeV yi-ati Sev sivai 
SuvaTr] T] ETiiTEU^T] TOU (xoafioXoyixd) anaiToufiEvou Anlsp = 0-6 t-iE ^lEyaXiiTEpEc; ti^ec; tou ttilsp- Auto 
Eivai au^cpuvo ^e ti<; TiapaTTipViaEn; tou E8. 7.4. 

Se TiEpio)(Ec; TOU napa^ETpixou jt^povi, onou r] tan/3 naipvEi ti^e? ^EydXEc; i\ EvSid^EOEc;, o SEUTEpo? 
(paivo^EvoXoyixoc; nEpiopio^oc; nou npEiiEi va Xir]cp^Ei unocjjr], Eivai 01 SUSY Siop^uoEic; ott] ^d^a tou 6- 
quark, tiou XafipdvovTai ano to TunoXoyio tou E8. 3.3.1. To anoTEXsafia E^apTdTai {.oyupa ano ttjv 
EniXEYHevr] ti^t] tou tan /3, EXacppoTaTa ^EiwvETai ^e Tr]v a\£xpr\ tou niA xai exei orj^Eio avT^ETO tou 
Xprjai^onoioii^Evou yia to /i. 

TeXoc, yia [Jixpsc; Titjec; tou tan/3 to xaTWTepo opio aTO niA PpiaxETai npovocovTac; va lax'Jouv Ta 
TpExovTa nEipa[JaTixd opia y\a tiq ^id^Ec; twv neutralino (50 GeV), chargino (100 GeV) xai EXacppoTaTou 
higgs TT]? E^. (3.10). Suvr]i5uc; o TEXEUTaioc; nEpiopio^oc; xaXunTEi touc; 8uo npo"r|You[jEvouc;. 
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SxTltxa 7.4: To BR(6 57) 6JC ouvdpTrjor] TOurriLSP 7iatan/3 ~ 10, e = 0.65 xaL Ajvlsp = 0.065, /i > 
xai AjvLSP = 0.6, /i < 0. nepiXaytfiavovTaL oi auveiacpopez cmo to SM, xai and to SM auv to cpopuayievo 
higgs (SM+H~^) xaddici xai ra nsLpoquaTLxd opia. 



7.6 Koo^oXoyLxa ajioTeXso^axa 

Msxa Tr]v cpaivofasvoXoYixy^ snexai y] xoafioXoyixr] i}etjpir]ar] tou upoTiiTiou tiou (puaixd, nEpiXafipdvEL tov 
UTioXoY'.CTtJo T'r]c; fiLSph^- O cpop^aXiafioc tou xecpaXaLou 5 xai EiSixoxEpa tt]? ttjc; E8. 5.5 scpapiao^sxai yi^a 
TO oxoTio auTo. Eivai E(pap[i6ai[aoc y''°'~-i Xoyw tuv Tiayxoc^fiiuv ap)(ixuv ouvdir]xuv, to LSP npoxunTei. va 
EivaL ia)(upd( [iop(pr]C Bine oto [iEyaXuTEpo [JSpoc tou TiapafiSTpixou x"pou. Se Tispioxec [is [iixpo tan/3, 
T] Bino xaiJapoTriTa tou LSP eXaTTCOvsTai and 98% as 94%. Suvsnwc, acpdXfia Tivd UTisiaspxETai axov 
UTioXoyLCJ^o TT]? EvepyoO SLaTOfiif^c Tr]c aXXr]XoxaTaaTpo(pii^c, otiou to LSP sxsi "dsMpriiJei xotdapo Bino . To 
NLSP TipoxiiTiTEi va EivaL stau [iopcpif^c 8s5i6aTpofpr]c axeSov yi-a oXec tic tl^iec tou tan /3. 

Ta )(apaxTr]piaTixd Tr]c ^Lsph"^ t^o\j TiapaTr]pr]i9r]xav oto E8. 6.6.1 lox^ouv xai ottiv TipoxsLfiEvr] 
■KEpinTuar]. Enmpoa^ETa, to 0,LSph^ napafisvei OTaiJEpo otic laocpaafiaTiXEc; xafin^Xsc;. ATiaLTWVTac; to 
^Lsph^ va PpLOXETai ^Eaa aTr]v xoa^oXoyixd eniTpenTr] Tispiox'/^ irf E^. (5.4), [iiiopEi va xaiJopLaTEi to 
SuvaTO Eupoc; tou I^mlsp- Autoc; iJa eivai o teXixoc; Tipoopiafioc tou unoXoyiafiou auTirjc Tr]c evoTrjTac;. 

Eii^cpuva \j.z Ta avacpspofiEva aTif]v EiaaywY'i'lj to E^STa^ofisvo npoTUTio ELvai etilSextlxo 6X«v t«v 
SuvaTUV oEvapiuv oxETixd \xz tt] aaufiHTCOTixr] aufinEpicpopd twv (Ieu^ewv Yukawa. Suvehcoc;, EuxpivsaTEpr] 
■Kapouoiaor] tuv aTiOTEXEo^aTUV ^nopEi va ywEL, SiaxpivovTac; tlc; -KapaxdTU nEpL-KTUOEic;: 

7.6.1 XtopCq evoTioiYjaT) Yukawa 

Se auTT] Tr]v nEpiTiTWor], o xa'dopio^oc; twv aou^nTWTixwv Tijiwv twv Ceucewv Yukawa ywETai otiwc; nEpi- 
YpdcpETai OTO E8. 6.8.2. E-kelSt] StaTpE/ETaL oXoc; o SuvaTOc; x"po^ Tijiwv ttjc tan^ ol CAE Bino-stau- 
selectron EnipdXXETai va au^Ti:EpiXr](p'douv otov unoXoyicy^o ^ac;, quote to tutioXoylo tou E8. 5.5.3 a- 

^LOTlOlElTai. 

KaTJcjOc; 8ev UTidp^ouv nEpiopiafioi axETixd [iE to sign/x, E^ETd^ovTai, xai 01 860 SuvaTEc; ETiiXoyEc;. H 
ouaiaaTixf] 8ia(popd avdtjsaa otic; 8uo, sivai oti OTav ji > 0, [JEydXEc; Titjsc; jia to itia (xai xaTd auvETiEia 
yia TO rriLSp) anaiTouvTai yia Tr]v Eiao8o aTr]v TiEipa^aTixd ETiiTpETiTr] TiEpioxi'^ tou BR(fo sj), ano 
TO ndvu "xaTUcpXi", quote u(j;r]X6c; EXCpuXiafioc Eivai avayxaioc; (Ajvlsp — 0) "Xict va LxavoTioiir]^ouv Ta 
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SxTltAot 7.5: H emTpemij KepLO/ij mo emneSo rriLSp — Ajvlsp, T'ot tan /? = 10, e = 0.65 xaL fx > 0. 



xoaijoXoyixd opia jia Tr]v flLSph"^- AvTi'dsxcoc, oxav n < anaiTOUvxai [iixpoxepsc; yia to niA (xai xaxa 
auvEneia yia to ttilsp) Y^'^ eiooSo aTr]v neipa^aTixd etiltpetitei Ti£pi,o)(ir] ano to xaTCO "xaTWCpXi,", ohote oyi 
\i6vo o ava'xxaioc, zx(fukia\i6c, eivai aoi)evEOTEp6c; (Ajvlsp ^ 0) aXka ax6\ia, UTi:dp)(ouv -Kepioxec;, onou 
eniTUYXavovTai TifiEc y''°' ^''1^ ^Lsph"^ svtoc tcov airoSEXTCov xoafioXoyixtov opiwv, X'^P'-C xa-OoXou XPi'!'^''! 
Tou ^r]xavia^oO a\}yyE\od\Q xaTaaTpocprjC- OnwaSy^noTE tetolec; TiEpioxEc; sivai apxsTa Ti£pi,opi,a^EV£(;, yia 
tan /3 < 15 xai (puaixd axoXou^oOvTaL ano nEpLoxEc; gtiq oholec; oi CAE ELvai upoE^dpxouaEc;. 

Kai OTIC 8uo TiEpinTCoaEic, o TOfisac; higgs tou upoTUnou SiattsTEi, tjd^sc; SapUTSpec; twv LSPxai NLSP 
(nriA > 660 GeV yia fx > xai tua > 340 GeV yia fi < 0). Etio^evclx; SiaSixdoiEC \ds teXlxec xaTaoTdoELc; 
tH, tA, hH, HH, H~^H~ ,AA ELvai XLvrjuaTLxdi ajioxXEia^EVEc;. 

H xaTdoTaor] auTrj nEpLYpdcpETai axa Sx- 7.5 xai. 7.6. Etw oxr]^iQ'™ auTd anEixovi^ETai T] ETTiTpETiTir] 
nEpioxT] OTO ekikeSo rriLSP — ^nlsp tan ~ 10 xai fi > Q f\ fi < Q avv.azoiy^a. Xdpiv xaXuTEpou 
xaiJopiafiou tou TcpOTUTiou, xai oTa 8uo Siaypd^fJaTa exei ehiXeyei e = .65 ottote to A]\tlsp pudtjiCsTai 
^ovo [isoCli Tr]C napatJETpou 9. Stoi Siaypd^naTa auTOii tou tOtiou, to 'itilsp [Ji^opEi va [JETaSdXXETai 
avdiJEoa oe 8uo opia. To xaTWTEpo opio aTO tulsp avTioToixEi oe BR(6 — > 57) ~ 4.5 x 10"'' fi > 
il as BR(6 sj) ~ 2 x lO^** jia fi < 0. FiauTT] Tr]v T\.\if\ tou niLSP EniTuyxavETai 'r] [JEyiCTT'r] ETriTpETiTr] 
Siacpopd [id(lac, A^|^^p T] OTioia avTiaTOixEi aTr]v avwTSpr] apiaTEpT] ywvia tou 8iaYpd[a[jaT0c ttjc £7iiTp£TiT"r|C; 
TiEpioxr]C. Se auTO to ari[J.eio XatjSdvETai VIlsp^i^ — -22 Yi-a to EXdxioTO misp- To xaTCOTEpo (avcoTEpo) 
aiivopo Tr]C ETiiTpETiTrjc 7iEpioxr]C avTiaToixE'. cte flisph^ — ■09(.22). To avcoTEpo opio gti] wilsp Xaf^pdvETai 
aTr)v xaTWTEpr] SE^id -{(SiVia xTf ETiiTpETiTric; nEpioxric- BpiaxETai oti to avtJTEpo opio ott] ^d^a tou LSP 
Eivai iTEp'.TTOu rriLSP ^ 600GeV, yia fi < xai fi > 0. 

EiSixoTEpa, aTO Ex- 7.5, "xia fi > 0, Ti:apaTr]pEiTai oti 220 GeV < ttilsp 630 GeV. To xdTCO opio 
avTioTOixEi oTr]v -o\xf\ tou xXdSou /x > tou BR(6 — > 57) ^e to dvu nEipafiaTixo opio oto Sx- 7.4. 
Eno^Evuc;, TO LSP oe auTH] Tr]v TiEpiTiTwaT] Eivai axETixd papu xai A™£^5p ~ .065 axETixd [Jixpo. $uaixd, 
^JVLSP = 0- CAE Eivai orj^dvTixEC oz okr\ ttjv iiEpioxr] tou Siaypa^^dTOc; acpou Anlsp < -25. Av- 
Ti^ETa, OTO Ex- 7.6, yia fi < 0, EXafppoTEpEc [id^Ec; yi'Qt to LSP Eivai SuvaTO va ETiiTEUxiJoiiv xadcxtc, 
85 GeV < rriLSP ^ 625 GeV. To xdTW opio avTiaToixei CTT-r]v Totj-f] tou xXdSou // < tou BR(6 57) [je 
TO xdT« TiEipatjaTixo opio OTO Ex- 7.4. Eto ame'io auTo ppiaxETai oti A^|_^p ~ .6 Ti^y] ti:oX6 u(]jr]X6TEpr] 
ajio Tir]v Tipor|You[JEvr] xai ouvetiuc;, undpxEi TiEpioxr] 85 GeV < rriLSP < 120GeV, onou 01 CAE ETiiTpETiETai 
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SxTltAot 7.6: H snLrpemij nspLOXij oto snineSo rriLSP — ^nlsp, 7'^ tan /? = 10, e = 0.65 xm ij. <0. 



va Eivai a[dskr]TaisQ, acpou sxsi sivai SuvaTO va eniCsi A]\tlsp > -25. IlapoXa auTOf, o [ir]xavia[ioc tcov CAE 
eivai Tiapwv oe eupuxepr] Tiepioxr] ^a^wv tou LSP , 120 GeV < ttilsp < 625 GeV. IldXi A^Jf^p = 0. 

Tudp/ouv Ti£pio)(£c TOU napajiETpixou )(copou, otiou to A™r^'lj.p Sev avTi,oTOi)(Ei aTr]v £Xd()(iaTr] Tifiii] tou 
rriLSP- AuTi*] y] xaTdaTaar) aTisixovi^STai oto Sx- ay^'fl-f^ auTO SivETai 'r] STiiTpsTiT-f] 7.zpioyj\ oto 

ETiLTieSo rriLSP — ^nlsp y-Of tan/3 ~ 36 xai /i < 0. Xdpiv xaXuTspou xaiJopia^ou, ZTiikiyzxai e = .99 xaL 
to Ajvlsp put>tj(Ce~a'- [Jsa« Tr]c Tiapa[J£Tpou 6. To ttilsp [iT.ogzi va [JETaSdXXETai aTio 220 GeV [isxpi- 614 
GeV. To xaTCOTspo opio oto rriLSP, to onoio avTioTOixst as BR(6 — > 57) ~ 2 x 10^^, eivai nepiTiou 220 
GeV. EapaTTipEiTai otl ^{.ci auTH] ttjv tl^t] tou rriLSp r\ \j.iy\.aTr\ Siacpopd ^d(lac (.038), r] OTioia ^Tiopei va 
etilteuxtJel oXec; tlc; 8uvo(tec; tl^iec; tt]? 9 8ev etiltpetiei va Xr](p^e[ ilLSph^ — -22 aXXd Qlsp^^ — -lOS- 
AuTii^ T] [isyiaTr] Siacpopd [jd^ac; avTiaToixei oto ar][is[o TOfiif^c Tr]c xaiOsTou xai Tr]c xsxXi[i£vr]c jpaniiiiQ 
aTr]v apLaTEpi*] TiXeupd tou Siaypd^i^iaToc; oto Ex- 7.7. Au^dvovTac; to ttilsp to ^eylctto ZT\.\.Tuy)(_6\izvo 
^NLSP au^dvEi (xa^uc; cpaivETaL oTr]v XExXi^evr] apLOTEprj TiXeupd tou Siaypd^^aTOc; oto Ex. 7.7 oTir]v 
T.epioyfi .038 < Ajy^sp < -056 ). Mjiopsi, Xomov va SpeiSsi Tiijr] ttilsp = 245.1 GeV [ie Aat^sp ~ .056 
TETOia, CJOTE Q,LSph^ — 0.22. Ami] Xoyi^ETai tiXeov cjc T] ^eylotk] etiltpetitV] oxetixi*^ Siacpopd [id^ag. Eto 
Ex. 7.3 eixovi^ETai Eva napdSEiyf-ia etilteu^t]? tou jisyioTou SuvaToO Anlsp Y'^o' xa'dopio[J£va ttia T] ttilsp- 

Ta TTapaTidvw aTiOTEXstjaTa tJTiopouv va y^vlxeutouv PpioxovTac to A^ifgp xai to A^^^p, jia oXe? 
tic; SuvaTEc; tiijec; ttjc; tan/3. H ysvixEuor] auTT] EXT^ETai oto Ex. 7.8. Es auTo to Sidypafifia cpaivETai r] 
ETiiTpETiTr] TCEpioxr] OTO etiltceSo Ajvlsp — tan /3 Yi-c ^i > (ano ttjv ouvext] [JSXP'- SiaxExofisvr] ypoiHH'i'l) 
xai /i < (ano Tr]v ouvexV] H^XP'' '■^'H"'' EcyTiYHevrj-SiaxExo^Evr] ypaMMi*!) ■ OuoiaoTixd, xaTaypdcpETai r] 
^ETax[vr]or] Tr]C ■n:dv6:) apioTEpric; xopucpfjc; t«v SiaYpa[J[jdT«v OTa Ex- 7.5, 7.6 xai 7.7 [JSTapdXXovTac; zr]V 
tan/3 xai aiiEXEUtJEpcovovTac T"f|V TiapdtJSTpo e. Eivai SuvaTO va ytvEi auTO, yiaTi oticoc rjSr] exei avacpEpt)E[ oto 
ES. 7.4, 01 ETiiTiTUOEic; tt]? iJECopiac oe xayiriksz EvspyEiEc; eXeyxo'^'^o'I- t-iovo ajio tic; napa^ETpouc; Ajvlsp, n^A 
xai 6x1 Tiz 6, e, yia oTaiOEpo tan /3 xai sign/x. 

ETi:aXr]'dE(JETai api-dfiriTixd oti TidvTa [inopEi va PpEi^Ei ouvSuao^ioc; Tiapa^STpwv 6, to OTioioc; E^aocpaXi^Ei 
OTi A™^5p = yia. xd^E ti^V] tt]? tan/3 oto SidoTrjua 1.5 < tan/3 < 40 xai yia. papii LSP (jiEpiTiou 600 
GeV) Tiou ETiipEpaiwvEi oti flLSph"^ — 0.22. ETiotJEvwc, EniTpETiETai A™^^p ~ y\.OL oXec tic XP^'^"-" 
^oTioiou^EVEc; Ti^Ec Tr]c tan/3. Auto, pEpaiwc, Sev anoxXEiEi Tr]v nEpiTiTWor] Onap^rjc; ouvSuao^ou ti^cjv 
6, e [le Tov onoio Sev ^nopEi va etiiteuxiSei A^^^p ~ oute yia ^EydXEc; ti^ec; tou ttilsp- 
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SxTltxa 7.7: H snLrpsmij nspLOXij oto smnsSo ttilsp — ^nlsp, = 36, e = 0.99 xaL /x < 0. 



a. 'Oxav fx > xai 3.5 < tan/3 < 42 rj /i < xai 9 < tan^ < 35.5, to xaxuTEpo opto oto ttilsp 
PpiaxsTai ano Ta opia Tr]C E^. (3.50) to BR(6 s-y) xai to A^J^p avTiaTOi)(£[ as auTT] Tr]v Tiijr] 
Tou rriLSP- Aiaypdif-iHaTa tou t6tiou tuv 7.5, 7.6 eivai xupiapxa. Fia /i > 0, xaiJcoc oi tl^iec 
TT]? tan/3 au^dvovTaL, r\ xdiTU auvopLaxi/] xa^TiOXr] tk]? ziziTpzmiiQ -!izp\.oyi\Q tou S)(. 7.5 E^acpavi^ETaL 
xai 'r] a^ESov xaTaxopucpT] EU^sia [iSTaxivsiTai upoc Tr]v Ss^id y^via xai sxcpuXi^STai ae ar]HEio OTav 
tan/3 ~ 42, otiote Xa^pdvETai flLSph^ — -22 rriLSP — 670 GeV xai Ajvlsp — 0. 



p. 'OTav fi > xai 1.5 < tan/3 < 3.5 t] < xai 1.5 < tan/3 < 3, to xaTtOTepo opio oto rriLSP 
PpiaxsTai ano Ta opia TVf, E^. (3.10) yia tt] [id(la tou /t. Ss auTSc; tic 7i£pio)(£c; rj yivsTai tioXu 
^ixpr] (< 90 GeV) ylo' tijjsc tou uia o^i Tidpa tioXu [dz-^iaXz^. ETCojievwc, ^syo'^'^'Epo' ™yi ''^i 'm^LSP 
aTiaiToOvTai yia va avucjju^ei r\ nih a-a opia Trjc; E^. (3.10). Oi ETiiTpETiTSc Ti£pio)(£c sivai tou tOuou 
Tuv E)(. 7.5, 7.6 xai oi sniTpsnTSc Tifisc tou A^lsp EXaTTCovovTai Taxswc. IlepiaaoTepa aToi)(Eia 
8ev SivovTai Yi^att tetoisc nepioxec iJewpouvTai [ir] svSiafpepouaec cpaivofievoXoyixd. 



Y- 'OTav fi < xai 3 < tan/? < 9 V] 35.5 < tan/3 < 41, to xaTCOTspo opio oto itilsp PpiaxsTai ano to 
■KEipa^aTixo opio oto BR(fo sj) tt]? E^. (3.50), aXXd to A^^^p Sev avTiaToi)(Ei OTTjv eXd^ioTT] 
Ti\ir] TOU m^sp- Se auTec; tic; ■KZg\.oyiQ Siaypd^^aTa tou tuhou tou S)(. 7.7 xupiap/ouv. Ka^uc; 
r] Ti^rj Tr]C tan/3 au^dvei eti TiepiaaoTspo, to xaTaxopucpo T[ir][ia oto apioTspo T[ir][ia tou S^. 7.7 
exXeitiei xai to xexXi^evo T^rj^a xiveiTai aTio apioTepd Tipoc; Ta Se^id ^e, xai ott] ouvexeia, X"P^? '^'^'^ 
■Kapouaia Tr\Q xdTU auvopiaxv^c; xa^niiXr]?. 'OTav tan/3 ~ 41, r\ ziziTpzmi] ■KepioxT] tou E^. 7.7 i~/z\. 
auppixvu^ei axr\v Ss^id ywvia, otiou Xa^pdvETai ilLSph^ — -22 rriLSP — 640GeV xai Ajvlsp — 0. 

Su^TiEpao^aTixd, r] ETiiTpETio^evr] Tiepioxrj xivir]or]c; tou LSP Eivai 144 GeV < rriLSp < 670 GeV yia. 
H> Q \dz A™|5p ~ 0.166 t:ou STiiTuyxcivsTai ae tan /3 ~ 3.4 xai 72 GeV < ttilsp ^ 640 GeV yia // < [je 
^NLSP — 0-93 nou EniTUYXotvETai oe tan/3 ~ 4.5. Hpocpavwc;, to oEvdpio y.e fi < Eivai nio npovoniaxo 
ano auTO [d£ n > az 6,ti acpopd tic; xo'HI'iXec; \ia^zc. tou LSP. 



7.6 Koayiokoyixd aKOTEXiayiaTa 
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SxTltxa 7.8: H enLTpenTT] nspLOXij oto emnsSo tan 13 — Ajvlsp 7'^ fj. > (and ty] auvsxij yiEXpi- Trj 
8Laxsxo[usvr] Ypa[U[urj) xai fj. < (ano t?j auvs/rj [us/pi t?jv sazLyiusva 8Laxsxo[usvr] Ypa[U[urj). 



7.6.2 Me svoTtoiYjOT) b — t 

Se auxi] xrjv nEpLTiTuar], o xa^opia^oc; twv aau^nxuTLXUv Ti^tjv tuv ^eO^ewv Yukawa ywETai OTiwe; nepL- 
YpacpETai OTO E8. 6.8.1. SO^cpuva to S)(. 6.13, r] 8ev8pixo6 etiltieSou ^d^a tou fo-quark npoxiiTiTEi 
[iEyaXuTspr] aTio Tr]v TiEipafiaxixd TipopXETiofiEvr] T\.yifi Tr]c E^. (3.18). ETio[i£v«c, to ar][iE[o Tr]c SUSY 
8i6pi5coar]c "da TipsTiEi. va sivaL apvr]Tix6, wote va ^ELUvsTai, r] npoxunTOUoa \iciZ,a tou 6-quark. Kai acpou 
TO amsio TIT]? SUSY SLopiJuor]? sivai avT^ETO aizo to sign/x, ^ovo r] ETiLXoyr] /i > sivai Pluol^t] as auTO 
TO asvdpio. AidYpoffifia avdXoyo tou Sx- 6.14 [inopEi va xaTaaxEuaoTEi nou 8E[)(VETai aTr]v Av. [45], to 

OTIOLO Opi.O'dETEl Tr]V ETlLTpETlTlT] HEpiOX'l'^ TWV Tl^CJV TT]? tan /3 CJC ^^flQ- 

22 < tan^ < 45 xai /x > (7.5) 

O TEpiopio^oc; 7I0U ESpd^ETai aTY] [id^a tou 6-quark [iac SivEi £Tii)(£ipr][Ja Yi-a to xaTCOTEpo opio Tr]c 
tan/3. To avcoTspo opio TnJsTai Xoyw tou yEyovoTOC oti [i£ oXouc touc SuvaTouc auvSuaafioOc napafiSTpwv 
^, e 8ev ^TiopEi va etilteuxiSei A^lsp — xaL BR(6 — )• 57) ~ 4.5 x 10^** yia tan/3 > 45. H TiEpioxrj 
1.6 < tan /3 < 22 aTioxXeiETai, etieiSt] axo^a xai t] SioptJoJiJEVT) [jd^a tou 6-quark Eivai [JsyaXuTEpr] aiio to 
avcoTEpo TiEipajiaTixo opto. H nEpioxr] ^lE tan/3 ~ 1.5 Eivai cpaivofiEvoXoy'-xd [dX] EvSiacpspouaa Xoyw twv 
EXacpptJv ^a^tjv x^a to m/j xai auvEntbc;, 8ev [iEXETdTai nEpaLTEpu. 

'Otm^ sl,riyfi'dri>cs oto E8. 7.6.1, i] ETiiXoyi^ /u > 0, avayxaoTixd auvoSEOETai [je a/ETixd papu LSP, 
Tipdyi-ia T^ou ar][iaivEi oti T] auvSpofiT^ t«v CAE -da Eivai xpiaifir] jia Tr]v eulteu^T] CRD oe anoSsxTd 
ETiiitsSa. Aoyw tuv u(j;r]Xuv Tificov Tr]c tan/3(> 15) tiou )(pr]ai[iOTioiouvTai, o cpop^aXio^oc; tuv E8. 5.5.2 
Eivai xaTdXr]Xoc; yi-a tov unoXoyiafio tcov CAE. Ta anoTEXEo^aTa tt]? 8LEpEuvir]or]c; avdXoya ^e tlc; tl^e? 
nou naipvEi r\ tan B Ta^i,vo[JouvTai napaxdTw: 

a. 'OTav 38 < tan/3 < 45, r] ^syi-OTr] ETiiTpETiofiEvr] [idCa tou LSP Eivai avu(j;w[j£vr] niLSP < 790 GeV. 
Auto ywETai xaTavor]T6 ano Tr]v axoXouTJir] TiapaTr]pr]ar]. STr]v "dEwpoOfiEvr] Tiepioyj] tiijcov tt^c; tan /3, 01 
SiaSixaaiEc; tj£ teXixec; xaTaaTdaEic; tH, tA eivai xivritJaTixd EniTpEiiTEc, jiaTi rriLSP > rnAf^, 771^/2. 
Etio^evcjc, t] afiixpuvar] tt]? CRD, r] ocpELXofiEvr] oto jir]xavia^6 twv CAE, Eivai £viaxu[a£vr] xai 
ouvETiuc;, papuTEpa LSP ETiLTpEnovTaL. To cpcoToypacpixo uXixo nou undpxEi oTr]v TCEpinTwar] auTH] 
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SxTltAot 7.9: H emTpemr] nepioxri oto emneSo ttilsp — ^nlsp, yi-oc tan/9 = 40.7, e = 0.3 xaL /x > 0. 



ETii8sixvuETai OTO Sx- 7.9, or.ou TiapouaidCsxai rj eniTpeniTT] Tiepio/T] gto etiitieSo rriLSP — ^nlsp, Y^o^ 
e = 0.3 xai tan/3 ~ 40.7 [d£ avTiaTOi)(ouaa ml{Mz) = 2.63 GeV. Ano to S)(. 7.9 napaxripEiTai otl 
470 GeV < mLSP < 790 GeV xai A^JJ^sp - -028. 

p. 'Oxav 22 < tan /3 < 34, oi 8i,a8i,xaa[Ec; ^e teXlxec; xaTaaxdaEic tH, tA yivovTai xivr]HaTixdi avEnixpE- 
TiTEc, acpoO upoxOTtTEi TTiLSP < TOyi/2,mif/2 xai ETio[i£v«c, TO avtJTEpo opto OTT] ^d^a TOU LSP 
EXaxTCOVExai nriLSP ^ 580 GeV. 'Eva avTLTipoou-KEUTixo napdSEiYHa tt]c; Sia^opcpou^Evrjc; xaTdoTaor]? 
OE auTT] Tr]v Ti£pio)(ir] SivExai oto S)(. 7.10. EniXEYOVTaL e = 0.5 xai tan /3 ~ 28.5 ^e avTiaxoL/ouoa 
ml{Mz) = 2.98 GeV. IIapaTr]pEiTai oti [le A^lsp = xai ^{.ci Trjv eXay'.a-y] cpaivoiaEvoXoYixd 
ETiLxpETio^Evr] TL^i(] iTiLSP = 370 GbV ETiiTuyxdvETai TO xaxcoTEpo xoa^oXoYixo opLO .09. Etco^evwc;, 
xa 0X1']^'°'''^°' TEoadpuv nXEuptov nou auvavTr]'dr]xav [Jexp'' ~^pa oto eulheSo itilsp — ^nlsp [JETaTps- 
■Kovxai OE xpicov TiXEupcov. To heSio 8iaxu[iavar]c tou itilsp Eivai 370GeV < mj^sp < 577 GoV xaL 
'^n'lsp — -021. 'fioTE, loxupoc; EXcpuXto^oc; a-KaLXEixaL -xia va LxavoTioiir]^o6v xa xoo^oXoyixd opia. 

Y- 'Oxav 34 < tan/? < 38 y] [id^a xou LSP yia opiafisva Eivai xovxd axic [id^Ec m/i/2, mjj/2 xai 
ETio^Evuc;, T] CRD ywExai noXu t-iLxpr], xai r] ETHxpETixn] oxexixt] Siacpopd ^d(lac; xEpdoxia. H TiEpioxr] 
auxrj 8ev E^Exd^Exai nEpExaipu, ■xicczi aizo xr] ^la o cpop^aXio^oc; xou E8. 5.5 Eivai avEcpdp^ooxoc; xai 
aTio T"r|V dXXri yiolti nEpioxEC napafisxpuv xovxd oe hoXouc Eivai aTio[jov6)[JEV£c; xai ETiofiEvcoc, 6xi 
iSiaixspcJc EvSiacpEpouaEc;. H Onap^r] auxv^c; xr]? EXXEvxpixr]? TiEpioxi'^? Eivai xai r\ aixia nou 8ev y'vExai 
xai Sidypafi^a avdXoyo xou Ex. 7.8 axr]v TiEpiTixuar] xr]? EvoTioir]ar]c; h — t. 

7.6.3 Ms xai TtXn^pr] EVOTtoiT]OT] Yukawa 

H TiEpinxwar] xr]C EvoTioir]ar]c; xwv ^eu^ewv Yukawa [JTCopEi va anoppicpi^Ei. Kai auxo, Sioxi r\ cpaiv- 
o^EvoXoyixd EnixpEnxy] nEpioxr] 42 < tan B < 48 Eivai xoa^oXoyixd anapdSEXxr] a(po6 '(] [id^a xou LSP 
TipoxuTixEi va TiaipvEi noXu ^EYdXE? xifiEC TipoxaXuvxac; au^rjar] tt]? CRD xuv LSP as [jt] ajioSEXxd ETiiTiESa 
ano xa CDM asvdpia. 

'Eva TipocrdExo npopXif^^a Evaxy^nxEi ^e xr]v ■Kpoand'dEia [iEXsxrjc xr]c nEpiTixwar]? xr]c nXii^pouc; Evonoirjor]? 
Yukawa tiou Enior]? E^ExdoxrjXE. H ^d^a xou EXacppoxEpou stau upoxunxEi ^ixpoxEpr] xai ano auxr] xou 



7. 7 EuiJKepdaijaza 



109 



0,025 




350 400 450 500 



550 



600 



SxTltxa 7.10: H enLTpenTr] nepLOxr] oto emnsSo rriLSP — ^nlsp, 7'^ tan /? = 28.5, e = 0.5 xaL /t > 0. 



nciitralino. To Tip6pXr][ia auxo [inopsi va axifiETCOTiiaTEi [ds Tr]v EiaaYWYV] xotoiwv _D-6pcov TipoTEiv6[a£vwv 
aTr]v Av. [76] ol otioiol eniTUYXavouv xr] puiJ^ior] tt]? ayeTixfiQ anoaTaarjc avdfisaa axic; ^dJlEt; twv 8uo 

To £7i6[J£vo spcoTr]na nou avaSuExai Eivai y] ixavoTioiy]or] xou ScojioO jia tt] [jd^a tou 6-quark. H u(|jr]Xii^ 
TL^r] axr] SevSpixou enmeSou [ad^a tou fo-quark y.aQ avayxd^si axr] lOscjpriar] aTioxXsiaxixd tou iJetlxou 
ar]ne[ou yi^a ti^v napd^expo //. Ms Tr]v etilXoyV] auxi/] r] upoxOnTouaa ^d^a tou fo-quark EXaxTtovETaL, aXXd r] 
EXdxTuar] auxr] Eivai ia)(upd SpaaTixV] [je xaTdXrj^r] Tr]v Tiapapiaar] tou xaxcoxEpou TiEipafidxixou opiou (2.17 
GeV). H [17] ^r]8Evixr] aoufiTiTCOxixri Titar] ottiV TpiYpan^'^><i^ ^leu^r], (oe avxMEor] ^e to jipoTUno tou 
XEcpaXaiou 6) sivai Evdc; Xoyoc; Yi-a auTO to apvr]Tix6 anoTEXEa^a. Etio^evuc;, o ■KEpiopia^oc; -xia tt] ^d^a 
TOU 6-qiiark Ssv [JiiopEi va ixavonoiri'dEi aTrjv TiEpiTCTwar] auTif^. 

EnmpoCTiJeTa, rj £Ti[Tp£Ti6[J£vr] [jd^a Yi-Of ~o LSP and tov nEpiopiano tou b ^ sj avafiEVETai va e[- 
vaL ^EYaXuTEpT] aTio 800 GeV xai auvsTiwc;, axo^a xaL r] EVEpYOTioiir]or] tou ^r]xavio^ou tuv CAE otov 
UTioXoYLo^o TT]? fl^sph'^ anoSELXvuETai aTEXsocpopr]. 



7.7 Su^KEpdo^axa 

Sto XECpdXaio auTO [iEXETr]i5ir]xav oi )(ajar]Xwv EVEpYEiwv ouvetieiec; [jiac Ex8o)cr]c; tou MSSM [je Tiapapt- 
aoT] Tr]C riXExpaoiOEVou? ou^^ETpiac; ^sow xPavTixwv 8iopi5coaEcov xai ap)(ix£C auvdrixEC y'-°' tou? SBT 
TipoEp/o^EVEc; ajio tt] 0Eupia Hofava-Witten. Tiapa^ETpixoc; /upoc; TiEpiopi^ETaL ajiaiTUVTac; TauTO/povr] 
ixavoTio'.r]ay] fpaivofiEvoXoYixwv xai xoafi oXoyixcov xpiTr]p[wv. SuYXExpifisva, anaiTEiTai r\ [id^a tou 6-quark 
^E Tr]v npoa'dii^xr] tcjv SUSY SiopiOcjaEWv xai to BR(fo sj) va Eivai au^paTd ^e Ta TiEipa^aTixd SESo^sva 
xai ETziar]c. r] CRD tuv LSP va PpioxETai ^Eoa oTa ETiipaXXo^Eva aizo xa CDM oEvdpia opia. SuvdYETai 
OTi x] TiXir]pr]C xai r] b-t Evonoirjar] tcov ^eu^ecov Yukawa [JTiopouv va anoppicpiJouv evco rj b-r £VOTioiir]ar] 8ev 
Eivai EuvoixT] yiaxi aTiaiTEi ^EYdXo EXCpuXio^o [iaCwv avd[iEaa oti? \ia.^ec. twv LSP xai NLSP. Auto to 
cpaivo^Evo ^nopEi va anocpEU^^Ei aTr\v nEpiTiTuar] tt]? [if] Evonoirjar] tuv ^Eii^Euv Yukawa onou r] ^d^a tou 
LSP ^TiopEi va Eivai y-Sjp^ xai 70 GeV. 



KecpdXaio 8 



SxoTioc; XT]? 8iQ(TpLpir]c; tiou Tiapouaid(OTr]xe, rjTav r] xaxofdEor] ^lac; 6mo(j;r]c; o/etlxcx [je to Tip6pXr]^a Tir]c; 
SxoTEivrjc; 'TXr]? a^ionoiuvTac to awfiaTiSiaxo Tcspisxonevo tou MSSM. Fia Tr]v uXoTioiir]or] auTOU tou oto- 
)(ou enioTpaTEUTrixotv yvwoeLc; ano tt] cpaivo^evoXoYia tou MSSM xai tt] auyxpovr] KoafioXoyia. Autec 
exTEiSrixav oto upcoTo [aepoc ttjc 8iaTpipr]c, otm xscpdXaia y^'*"'^!'!? avacpopdc;, 2, 3, 4. Eto xecpdXaLo iJefieXi- 
uar]c Tr]c auvepyaoiac KoafioXoyiac xai ^uaixT^c EToixeiwStbv Su^aTL8[uv, 5 avaTiT^xiSrixs r] [ie^oSoc; 
UTioXoyicy^oii tt)? CRD t«v LSP. TeXoc, y] apii5[ir]Tix7] uXoTi:olr]ar] tov iSswv auTWv 7iapouai.daTr]xe otol 
epEuvr]Tixd xecpdXaLa tt]? SiaTpiPrjC, 6, 7. aTioXoyLo^oc; TT]? epEuvr]Tixr]c; auTT]? evao)(6Xr]or]c; eivai to 
avTLXEi^evo auTOU tou etilXoyixou ar][isico[iaTOC. 

Fevixo ou^nEpao^ot Ty]c. SiaTpipy^c, av£C0(pTr]TO ttjc; £TTiXoYr]c; aco[aaTi8iaxou TipoTUnou, eivai oti sva LSP 
[iopcprjc; Bino anoTEXEi eniTU/ir] UTio(|;"r|9'.o y'-Of CDM. Oi CAE evoc tetolou LSP \ie to Xiyo papuTEpo tou stau 
(r] xai [i£ Ta selectron, av oi [laZsQ touc ppiaxovTai as [dixpi] aTiooTaor]) eivai sva anocpaoioTixric; arjtjaaiac 
(paivofiEvo, nou aufipdXXei ott] [ieicoar] ttjc; CRD tuv LSP ae eniTpeiiTd ETiLTieSa. Aa^pdvovTac UT:6(|i'r] Ta 
enipaXXo^Eva ano Ta CDM aEvdpia opia, o n:apaiJ£Tpix6c x^P^'^ ™^ [isXeTO^^Evou TipoTUnou UTiopdXXeTai 
as SpaoTixoOc; ■Kepiopia[aouc tiou acpopouv tic t-id^sc t«v sXacppoTEpcjv aw^aTiuv Tr]C tJswp'.ac. ETiiTipoa^ETOi 
nEpLopLo^oi ^nopouv va avTXir]^ouv ano tt] cpaivo^evoXoYia tuv SUSY Siop^uoeuv ott] ^d^a tou 6-quark 
xaL TT]? StaSLxaaiac 6 57. 

To TiXaioLO [ieXeTrjC ecpapfioaTrjXS oe 8uo exSo/ec; tou MSSM Tiayxoafiisc ap^ixsc auvt)r]X£C Y^Q' ""^ouc; 
SBT, zvoTzoir]ay] tuv ^eu^ecov Ba'dfiiSac; xai napapiaor] ttjc; ir]XEXTpacrdEvouc; ou^^ETpiac; ^eou xPavTixuv 
Siop^uoeuv. EiSixoTEpa, Ta -KpoTUna tiou E^eTdoTir]xav Eivai: 

• To MSSM \iE zvoTzoir]ay] Yukawa. AiaxpivovTai 8uo ■KepinTUoei.c;: 

— Av /X < 0, to TcpOTUiio Eivai ou^paTO Ta Ti£ipa[jaTixd opia jia to BR(6 — > sj), oficoc r] [dolia 
TOU 6-quark xeiTai avwTspwc; t«v TiEipa[aaTixcbv opiwv. 8£«ptovTac oti to yeYovoc; auTO [aiiopei 
va puiJtJiaTei [as xdTioio Tpono, t] snipoXy^ t«v xoafioXoyixtiv Ssa^wv o^rf^si axo a\j[mipaay.a 
OTi T] [id^a TOU LSP [iTiopei va xu[iaiveTai ajio 215 GeV uc; 770 GeV tt] ^d^a tou NLSP va 
ymope'i va eivai aiio 8-0% [isyaXuTspr]. 

— Av /i > 0, TO ■KpoTUTio sivai au^paTO [is Ta nEipa^aTixd opia yi'O' "fl t-'O'^o' ""^ou fo-quark xai 
TauToxpovT] ixavoTioirjar] tcov xoa^oXoyixtov nEpiopia^tJv xai auTo6 tiou nrf^a^si and to BR(fo — > 
S7) ^Tiopei va ethteuxtJei as ^ixpr] TiEpio/r] tou napa^ETpixou /upou. 

• To MSSM upospxo^Evo ano ty] iJewpia Hofava-Witten. TauTO/povr] STiiSoXri tcov cpaivo[a£voXoYixuv 
xai xoafioXoyixuv nEpiopio^uv o8r]Yei c7to auiJTiEpaaija oti to npoTUTio Ssv eivai ou^paTO Tr]v 
EvoTioir]ar] Yukawa xai b-t, anaiTEi [ieydXo sx9uXia[j6 otic; [JdCEC tuv sXacppoTaTUv au^iaTiuv Tr]c; 
^eupiac; evoTi:o[r]ar] b-r, xai Tcapsxsi [i£Y°'^'J''^spr] euxaipia etciXoywv jia tic [Jd^sc auTSc ottiv 
■KEpiTiTuar] Tr]c £vo7ioirior]c Yukawa, xaTd T'r] onoia r] ^d^a tou LSP ^nopei va xu^aivETai aTio 70 
GeV uc 670 GeV [js tT] tjdCa tou NLSP va tJTiopei va Eivai aizo 93-0% [ieyaXuTEpr]. 

Su^nepda^aTa, xai [idXioTa i8iaiT£p«c xPA'^^y-°'-' yiaxi anoTsXoOv e(paXTi(]pio yia nepaiTspw ^eXeTr], 
anoTeXouv xai 01 avendpxeiec evoc epeuvr]Tixou Tiovr]^aTOC. Autec eivai 01 ax6Xou'dEc: 
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• T,)(eTix& \ie Tr]v Ex8o)(r] tou MSSM svoTioir]ari Yukawa: 

— Pu^^Lor] TOU -KpopXy^^aTOc; ttjc; [doZac, tou 6-quark oTir]v nEpiiTTwar] // < 0. 'Oticoc; avacpspiDrixs xaL 
OTO E8. 6.5.1 01 SUSY Siop'Ocoasic Sev sivai oi [iovec itou tJTiopei va \63ei r] tjdCof tou &-quark. 
Se sva nXripsc upoTUTio 50(10) sivai SuvaTov va Tipoxucjjouv xai aWec, SiopiJwasic xai STiofisvuc; 
va 8LEU^eTr]^e[ to Tip6pXr][ia Tr]c [id^ac tou 6-quark, to onoio, av XT^fpiSeL aopapd unocjjr] nepiopi^si 
xaTd noXii Tov napa^ETpLXo x'l^po '^'^'^ upoTUTiwv evoTi:o[r]ar] Yukawa, 'flaxe, y.ia ysvixoTEpr] 
^eXett] tou TO^Ea tuv cpEp^Loviuv OE TipoTUTia 50(10) EivaL ETi:i.pEpXir]^Evr]. 

— E^ETaaT] Tr]c TiEpiTiT«ar]c onou 7^ 0. 'OX'r] SiaTxpayf-idTEuar] tou upoTUTiou [le EvoTioirjar] 
Yukawa e[)(e TiEpiopioTEL aTr]v nEpLTiTwar] = 0. H 8i,a(popoTioiT]cyr] aTio Tr]v Ti^ii^ auTH] 8ev 
ava^EVETaL va E)(Ei ar]HavTLXi(] ETiLTiTuar] aTr] au^TiEpicpopd tuv anoTEXEa^dTUv, xai 8r], upoc; to 
xaXuTEpo. ISiaiTEpa Ta )(apaxTr]piaTixd tou (pdafiaTOc; ttjc 'dEwpiac; TiapatJEVouv a[j£Td3X"r|Ta. T- 
Tidp/ouv, o^wc;, xdnoiEc; CAE tzou ETir]pEd(lovTai ano Tr]v ETiiXoyr] auTH], acpou yia tov uhoXoylo^o 
Touc; xP''l<'i-M'^''^°'-'^'^"''™'' oO^poXa g tzoxj TiEpLE)(ouv otic; ExcppdoELc; touc; tlc; Tpiypa^^iXEc; ^Eii^ELc;. 
Etio^evuc;, ^La [iSTaxLvrpi] ano Tr]v ehiXoyV] = "Oa r]Tav [iia EvSiacpspouaa E^TiELpta. 

— EiaaYWYV] twv acpaXtjdTWV aTOV UTioXoyiaijo tou BR(6 — > 57) xai xaTaaxEuV] ttjc; EiTiTpEiiTiqc 
TiEpioxr]C aTr]v TiEpiTiTwar] tou > 0. Av xai £■)(£'■ yivEi [iia TiEpiypacpr] Tr]C ETiiTpETiTrjC TiEpio)(ir]C 
■Kou TipoxiiTiTEi OS auTV] Tr]v TiEpiTiTuaT], OTO E8. 6.6.2, T] EiaaYWYV] tuv acpaX^dTUv ^a auvspaXXE 
oTi] SiEOpuvay] TT]? yi-a Xoyouc; tiou exei EZr\y^r]xoLv. 

• E^ETixd jiE Tr]v ExSoxi^ TOU MSSM ano ty] Sswpia Hofava-Witten -da -(^Tav xp>loi[ir], 6xi 6[i«c xpiaifir], 
T] Eiaaywyi^ t^"^ NLO SiopiJcjoEcov Tr]c QCD otov UTioXoYia^o tou BR(6 57). Autt^ t] TipoaiSii^xr] 
ava^EVETai va EXaTTUOEi tic; SuvaTEc; ti^e? tuv m™g^ xai ouvehuc;, va au^rjoEi tic; ti^ec; tuv A^JJ^sp- 
H SiEupuvar] tcov etiitpetitcov TiEpio)(wv tiou [inopEi va ehiteuxiSei [iE tov Tpono auTO, onuoSrjTiOTE 8ev 
aXXoicovEi anocpaaioTixd to xapax^T^i'lpo' t^^v auiaiiEpaafidTWv tou KEfpaXaiou 7. 

• MeXett] Tr]c. EXaoTixr]c; axESaorjc; twv neutralino ano tou? Tiupr]VE<;. To LSP ^nopEi va avixvEUTEi 
ano Tr]v skaoTixi] tou a^Yxpouar] [is touc; nupy^vEc;. MdXioTa, npoacpaTa Eivai xdnoia anoTEXEo^aTa 
ano TO nEipafia DAMA, Ta onoia pEpaicovouv ty] auXX'r]4i'r] evoc; a-f]tJaToc; nou [Jnopsi va npospxETai 
ano d^Eor] aviyyeuax] evoc neutralino. Ano TETOia nEipa^aTixd SESo^sva ^nopEi xavEic; va PydXEi 
ou^nEpdo^aTa -xia Tir]v TauT6Tir]Ta tou LSP, Tir]v xa^apoTrjTa tou xai tt] ^d^a tou. Eno^Evuc;, Eva 
Eno^Evo prjfia ttjc [iEXsTrjC J^ol ttjv uno(jir](pi6Tr]Ta tou LSP "Xict CDM Eivai o unoXoyio^oc; Ty]c. EVEpyou 
8iaT0[ir]c Tr]c axESaarjc; tou ^e touc; nup/jVEc;. 

• npocrdr]xr] D-opcov otic; apxixsc auv^y^xEt; yi-a touc SBT. Se oXr] tt] SidpxEia tt]c 8iaTpipy]c, [JEXETH^'dr]- 
XE T] nEpinTuar] twv nayxoafiiwv apxixcjv auvi}ir]xtjv "xia touc SET. EvtoOtoic, UT:dpx£i 8uvaT6Tr]Ta 
^ETaxivr]ar]c ano auTT] Tr\v EniXoyy] oTa nXaiaia tuv ^eXetoO^evuv npoTiinuv, au[ifp«va [iE tic Av. [67] 
xai [76], ^E Tir]v npocrdir]xr] xdnoiuv D-6puv otic apxixsc auvi5ir]XEC y-a touc SBT. BEpaiuc, [Jis tov 
Tpono auTO, 01 apxixsc auvi5ir]XEC nauouv va Eivai naYx6a[ji£c xai jiia EninXsov au^aipEoia EiodyETai. 
Me auTX] Tr]v npoaiOrixr], oficoc, [inopouv va EniTEUX^ouv 01 (paivofiEvoXoyixoi xai xoafioXoyixoi otoxoi 
EUXoXoTEpa. Mia Enmpoa'dETY] SuaxoXia nou Evaxif^nTEi a£ TSTOia xaTaaxEOaa^aTa sivai oti to LSP 
naiiEi va Eivai laxupd y.op(fr]Q Bino, onoTE r] SiaSixaata tou E8. 5.5.1 8ev npoocpspEi a^ionioTa 
anoTEXso^aTa xai npEnEi va EnEXTai^EL 

• AsTiTotJEpeiaxii^ [iEXsTr] t«v SiauXwv t«v ANE. H anXono[r]ar] nou EnixEipii^i5r]XE cto E8. 5.5 ^eou Tr\z 
Ec- (5.88), av xai nXf]p6)c aiTioXoYrjiJEvr], Xoyw twv apiiSijriTixcov Eupr][jdT6)v otic irEpinTwasic nou 
E(pap[i6aTr]XE, 8ev nausi va anoTEXsi jiia npoaEyyi-ori. Eniar]C oto E8. 7.6 napaTr]pr]t)r]XE jiia apxsTd 
avrjauxriTixy] ^ETaToniar) ano auTif^ Tr\v xaTdoTaar] yia xdnoiec X°'i-'"1^^? ti^ec ttjc tan /3. Eniar]c, 
undpxEi [iapTupia Tr]C Av. [53] oti t] ^eO^Y] neutralino-neutralino-A axofia xai [le [iia [iixpT^ higgsino 
auvEiacpopd ^inopEi va aufipdXXEi EVEpyd aTr\v TanEivcoar] Tr]C CRD tcov LSP. Fia tov eXeyxo oXcjv 
auTUV Tuv a^cpipoXiwv t>a rjTav xprjoi^r] r] nio SiE^oSixrj ^eXett] tuv SiauXuv tuv ANE ^eou tou 
napapTrjfiaTOC ttjc Av. [63]. 



riapd TIC eXXeicJjeic nou Eniar][idvi5r]xav, x] SiaTpiPn] Sev nausi va anoTsXsi [Jia npoand-dEia ExiSEarjc twv 
npopXr]^dTio^cov xai tcov avaCr]Tr]OEWv ndvw oe iJs^aTa SxoTEivr]C "f Xr]c xai cpaivofiEvoXoyiac tou MSSM. 
Kai uc TETOia, Tii^ETai npoc a^ioXoYi^cyr]. 
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napapxYj^a A' 




AM ELoayttiyn^ 



Sto TiapdipTr]Ha auTO, EXxMEvxai ol s^iac^aeic; £TiavaxavovixoTio[r]ar]c; (RGE) -^la tic; ^Eii^ELc; BaiJ^iSac; xai 
Yukawa axo a)(r][ia STiavaxavovixoTio[r]ar]c; MS xai jia xouc opouc acrdevoOc SUSY Tiapa3'.aar]C tiou XP'H"^'-" 
^onoiouvTai, OTO apLTj^riTLXo TipoYpant-'Q'- Baoixr] Tir]Yi'l upoeXeuor]? tou tutioXoyiou sivai oi Av. [10] xai [11]. 
ATiXoTi:oLir]oei.c;, Sieu'dETrjoEic; xai Tipooap^oyri tou ou^poXio^ou swai y] Sixrj [laz n<xpEy.^(xari. 

A'. 2 Ol RGE yioL ziq ^eu^siq Ba'd^CBaq xaL Yukawa 

'Oncoc £)(£i avacpepiJei oto E8. 6.3, 8uo auaTrwdaTa RGE xprjaiijonoiouvTai yia tic, (^eu^eic BaiJfiiSac xai 
Yukawa . Auto tou MSSM -xia to Tps^ifjo twv TiapatJETpwv aTio Tr]v xXi^axa EVOTioir]ar]C, Mq l-^^XP'- '^^ 
Xotyitikfl upovoiaiaxr] xXifiaxa Ms tti^i E^. (3.1), xai auTO tou SM yia to Tps^ifio ano Ty]v xX[[aaxa Mg 
[isxpi Trjv xX'.[jaxa Af^. EixsiSy^ t] EvspyEiax-/] aTioaTaar] Mq-Ms sivai n£Y'^^l^J (~ lO^'' GeV) STiipaXXsTai 
xaXf] axpiSsia aTrjv s^eXi^r) twv Tiapa[i£Tp«v oe auTV] tt] SiaSpo^i/]. Fi auTO, xai xpl^ol[io^IOlouvTal oi RGE 
TOU MSSM as stiitieSo 8uo ppo^wv. AvtiiJstwc;, Xoyw irf, [iixpff, zvzpyzioLxff (moa-QLarf, Mg-Mz, oi RGE 
TOU SM as snineSo evoc pp6)(ou Tiap£)(ouv ixavonoirjTixd aTiOTsXeafiaTa. MeTapXrjTir] oXoxXr]pcoar]c sivai r] 
t = \s\ M \j.E M xr\v xr\v TU)(aia xXifiaxa EvepyEiac;. 
napaxtXTU Tiapouoid^ovTai oi RGE tou: 

a. MSSM az etiitieSo Siio Ppox^v yia. tic; ^Eii^Eic;: 



• Bai)[ii8ac: 




(AM) 



• Yukawa : 





(A'.2) 
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A'.2 Ol RGE yi-oc Tic CeufEic BocdytiSaz xoll Yukawa 
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dhf, 
~dt 



1 



+ 



167r2 
1 

167r2 



h\91 + GgDhl + \glhl + i-lgf + IGgDhl + ^gihl 



dhr 1 
~dt ~ 167r2 



.Y^c'lgl + 2,hl + 2,Hl + hl 
j=i 



+ 



1 



167r2 



+Qglhl + (-^(^^ ^ 2^^^2 ^ 6 2 ^^2 

5 5 



-9/i^ - ^hlhl - Qhlhl - lO/i^ 



hr , 



{bi) 
{<) 

{c'n 



(f,l,-3), 

45' ' 3 ' ' 

45' ' 3 ' ' 
(^,3,0), 



xai Tuv nivaxuv: 



199 


27 


88 


25 


5 


5 


9 
5 


25 


24 


11 

5 


9 


14 


26 


14 


18 


5 


5 


5 


6 


6 


2 


4 


4 






p. SM y[.0L TLc; ^eO^Eic;: 



dt 



167r2 



6f ^5? + 



167r2 



j=t,b,T 



Yukawa, oe etiltieSo evoc; Ppoxou: 



(A'.3) 



(A'.4) 

(A'.5) 

(A'.6) 

(A'.7) 

(A'.8) 
(A'.g) 

(A'.IO) 
(AMI) 



(AM2) 



(AM3) 
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E^LacjasLc; EnavaxavovixonoLrjarjc; 



dht, 
~dt 
dhr 



1 



167r2 
1 



E 



■iSM „2 



gi + 2,hl + 2,hl + -hl]hr, 



— i-Yc" 

onou 01 )(pir]oL^OTi:oLou^Evec; oxa^epEc; zivai axov/zia tuv SLavun^axuv: 



(- -- -7) 
4o' 6' ' 

17 9 

(20.5.8). 

9 9 



(«r) 



199 27 
50 10 
35 



44 
5 



9 19 

10 6 



11 
10 



-26 



17 
10 

3 
2 



1 3 

2 2 

3 1 
2 2 

2 



(AM4) 
(A'.15) 

(AM6) 
(AM7) 
(AM8) 
(AM9) 

(A'.20) 
(A'.21) 



A'. 3 Ol RGE yta xouq opouq aoi^svouq jiapa|3(.aar](; Tr]<; SUSY 

Otiwc sx^'' ofvacpspiOsi xai axo xup[«c T[ir][ia xTf SiaxpiSfic;, 01 opoi aaiOsvouc Tiapap[aar]C Tr]C SUSY uposp^ov- 
xai ano Tr]v UTi£pPapuTr]Ta xai e[vai \iaZ,ZQ yia xa gauginos xaL xa scalars xaL ol TpLYpan^"'^^(; ^eu^Eic;. Fia 
Tic; Tiapd^ETpEc; auxec;, Eva ouoTrj^a RGE )(pr]oi^OTioieiTaL, nou Sletiel Tr]v e^eXl^t] touc; oto EVEpyEiaxo 
SiaaTTjija Mq-Ms- Msxa to Ms 01 irapajiETpsc auxsc sivai naycof-iEVEc. A^ionpooEXTO, ETiiorjc;, Eivai otl 
aTr]v avdXuar] nou axoXou'dEiTai, 01 RGE tcjv xai B 8ev xpi^oinonoiouvTai. 
HapaxdiTU ■KapouaLd^ovTaL 01 RGE as etiltieSo evoc; Ppoxou -xia tic,: 



OL. AcrdEVEic; ^d^E? twv gauginos : 

p. TpiYpayiyLixEZ (Ieu^ei? tuv: 
• BapEuv yevEuv: 



(A'.22) 



dt 

dAr 
"dT 



1 



Stt' 
2 



j=i 

3 



IGtt' 



3 



(A'.23) 
(A'.24) 
(A'.25) 



A'.3 Ol RGE yi-oi touc opouc; acrdevouc; nocpa[3Laarjc; zrjc; SUSY 



119 



EXacppwv YEVEWV (exTMevTai av xai Sev xpi'loi^onoiouvTai oto apiiO^riTixo npoypan^'Q') • 

3 

^ = ^(E^^5,^^^ + ^S' (A'26) 
j=i 

^ = ^{j:<9lM, + hlA, + lhlA^), (A'.27) 



3 



dt 167r2 



( E + /i^ft + ^/i^^r) . (A'.28) 



Ol (pdxTopsc Cj, c' xai c'/ Sivovxai aiio tic, E^. (A'. 6), (A'. 7) xaL (A'. 8). 
p. Aa'dsvEic; [adCsc ~wv scalars twv: 
• Bapewv yeveuv: 



dnijj 1 / 82 



dm'^Q 



dml 



OTIOU 



EXacppwv Ysvzchv. 



^ ( - ^fliMf - 3g|M| + S/i^x, + hlXr) , (A'.29) 



dm^ 1/3 



dt ^[-\9lMl-2,glMl+2,hjXt) , (A'.30) 

- i ( - X^alMl - 39lMi - fglMi + + hlX^) , (A'.31) 

n2 



dm^^ _ 1 / 16 ,,,0 16 



^ ( - ^fl?M,2 - + 2hlX,) , (A'.33) 

5?M2 - SglMi + hlXr) , (A'.34) 



dt 

dm? 1/3 



di 87r2 
dm^ _ 1 ^ 12^2^^2 
dt 



^{-fgfM-^+2hlXr), (A'.35) 



= ™L + ™?R + ™fl + A' , (A'.36) 
= + rnl^ + m]j + , (A'.37) 

Xr = ml^ + +mjj + Al. (A'.38) 



dm^,„ 1 / 16 Q n 16 n q\ , , 

= 8;?^(-T5^^^^-y^3^3)' (^'^0) 



dmf^ 



dm^^ 



di 



IlapcipTrj^a B' 

Kavoveq Feynman xoli Ecpap^oyeq 



B'.l ELoayttiyn^ 

SxoTcoc Tou TcapapTritjaTOc; auxou Eivai r] ofiaSoTcoirjar] xwv spyaXEiwv n:ou )(pT]ai[j07i0Lf]t)rixav aTr]v aiJeaTr] 
nXeupd auTirjC "CflC SioiTpiPr]?, nou as avaXuxLxo e-kl-keSo, y^Tav o unoXoyia^oc; nXaxuv aXXr]XETi:i8paor]c;. Kaxa- 
Ypoffpr] T«v aufipdoEUv xat tuv vop^aXLO^CjOv tiou uio'd£Tii^i5r]xav ywexai axo E8. B'.2 xaL axoXou'dEi axo 
E8. B'.3 Y] avdyXucpr] Tiapouaiaar] tcov xavovuv tiou xpl^cJl[io^IOl,l(^^r]xav Yi-ot tov UTioXoyiofio t«v ANE xai 
CAE. Ol xavovec auxoi auvoSsOovxaL xoti [is xpia anXd TiapaSsiY^iaTa ecpap^OYVlc; oto E8. B'.4. TutioXo- 
YLO Dirac-oXoyiac, UTioXoyiajiou i)(vcov xai odvTOULTc; -KLvdxuv 7, xaiJcoc xai [i£TaTpoTiir]C twv avaXXoiuxuv 
oufiTiXsYf-idTCOv op[ir]C [is XP^''^ ""^"^ [JETapXrjTCOv Mandelstam 8s xPT^'-l-'0''^o'-''l^i'l^^ Y'-°' otuxo xai Ssv extMe- 
xai. Apuyo aTr]v avaTiocpEUXxr] auxi] SiaSixaaia ELxa^E to naxsTO FeynCalc [80] nou napELXE -xpff^opa xai 
a^ioniaTa otnoTEXEa^aTa. 

B'.2 Su^paoeLq-KavovLXOTioLn^oELq 

UTioXoyiafioc t«v ANE xai CAE ^0LaiaTr]xs axic Av. [12] xai [13]. Atio auxEc ETiofisvcoc, aviXoOvxai xai 

01 paaiXEc; aufipdoEic tiou "da avacpEpiJoiiv nio xdxw. KaxapXii^i5r]XE npoaTidiJEia TiEpiopia^oO xou xunoXoyiou 
^ovo axic xeXeiuc; avayxaiEc axsoEic nou "da ETiixp£(]jouv xov e6xoXo xai xa^O xaxaxonia^o xou avayvtbaxr]. 

H ^ExpixT] Minkowski nou xpir^i-MOTioiEixai Eivai: 

ry^, :=diag(+l, -1,-1,-1) (B'.l) 

B'.2.1 7-nivaxE<; 

Ol nivdxEc; 7^^, opi^ovxai ano xic; yvwaxEc; avxi^Exa^ExiXEc; axEOEic;: 

7''7'' + 7''7'' = 2??'"' (B'.2) 

xai 01 TipopoXixoi ex-xeXeoxe? wc; e^i^c;: 

^i? = (l + 75)/2, Pl = (1-75)/2, 6tiou 7^ = 75 = i7V7V (B'-S) 

^lE por]^r]xixy] ox^oi] 

Yl^ = -757" =^ Pr[l]1^ = YPl[r] (B'.4) 
H avanapdaxaar] nou EniXsyExai Eivai: 

^-(.°. — (-0' ;] <-) 

onou 

cr'^ = {l,3), a'^ = {l,-3). (B'.6) 
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B'.2 Suyi[ida£LZ-KavovLxonoLrjaeLZ 
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[XE S{ai) Touc; y^"cjtouc 2x2 nivaxec Pauli. 

Tiivaxac; ou(luYia? (popxiou tiou opiCetai C = 27^7° exei. tl? axoXou'dsc iSiOTrjTee;: 

C^=C-\ C^ = -C, C7-17m[75]C = -7^+75"^]. (B'.8) 

B'.2.2 Spinors 

01 aTiivopsc u{p), v{p) yia cpsp^iovia Majorana i] Dirac aye-'iCov-ai [j.£au> tcov a)(Ea£cov 

u{p) = Cv'^ip), v{p) = Cu^{p) (B'.9) 
u{p) = -v^{p)C-\ v{p) = -u^(p)C-^ (B'.IO) 

OTiou OL onivopEc; (pepovTEc;~opiCovTaL xaxd xa y'*'"C7''^o' 

= m(p)'^7o xaL = ■y(p)'^7o (BMl) 

Ol Selxtec; Tiou avafpepovTai axo otlv iyoy>v TiapaXr](p'dEi ano touc; OTLVopec; u{p), v{p), xdpLV aTiXoTrjTac;. 
H dcdpoiar] as auTO'jc; touc; Selxtec; -xia cpEp^LOVLO auyxExpL^Evr]? op^i/]?, upoacpEpouv tic; napaxdiTU a)(EaELc; 
opt)oxavovoxoTioir]ar]c: 

^ = V + m, ^v{p)v{p) = ^ - m, (B'.12) 

spin spm 

^i.(p)f;^(p) = {V + m)(7^, ^Krt^^(p) = (^"'(V-m), (B'.13) 

spin spm 

v'^ipMp) = C-\jf + m) ^ v{p)u^{p) = (V - (BM4) 

spin spin 

'Evac Dirac anivopac ^ [iTiopsi va ypofcpEt XP''l'^'-l-'°''^°'-"^''^°"^ 2 Woyl cTiivopEc; 8uo SiaaTdasuv o xa^Evac;. 
KaiJuc; r] SiaTpiPr] 8ev EiospxETai az XETiTO^spiEC 8o^r]C tTjC SUSY, §£ t)EwpEiTai oxom^r] r] z\.acr(aiyr\ tou 
cpop^aXLO^oO Tuv Siio ^laaxaazi^v spinors. AnXd 8[vETaL Evac; tOuoc; tiou ^e^eXlCjJvel tt] auaxETiar] tuv Siio 

aVTlXEL^EVUV. 

Etio^evuc;, Evac; tutilxoc; opoc; ^d^ac; ^e oTiivopEc; Dirac Ypafpetai-: 

= viv-L + v-lv-i^ = + v-lv-i? (B'.i6) 

OTiou '4>'^ = Ctjj'^ . Ol nd^Ec T«v cpEp^LOVLUv TOU MSSM napExovTai aizo tetolouc; opuc; ^d^a?. O Selxtt]? L 
au^niE^ETaL OTO TUnoXoyio TOU E8. 2.2.2. 

B'.2.3 Aiavua^a 7i6X(oar)q 

'AXXoc xpi'l'^'-MOi; vop^aXiafioc afpopd to Siavuafia Ti6X«ar]C £v6c [ino^wviou pa-d^LSac;. Kai TidXi )(dpLV 
aTi:X6Tir]Tac;, 01 Selxtec; tiou acpopouv Tr]v xaTdoTaor] noXcoorjc; tou [inoJluviou ou^niECovTai. H diOpoior] Tidvu 
OE auTOUc; TiapE/Ei tt] o/eot] opTJoxavovoxo-KOirjoric;, nou Eivai: 

E = -^M^ + ^ (B'.17) 

OTiou o SsuTSpoc; Opoc; TiotpotXeLnexotL oxrjv TispLHTWor] d^otC^ou ow^otTLOu. 
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Kav6\i£<; Feynman xaL E(papiJOYi(; 



B'.3 Kavovsq Feynman 

'Oxav xa sjinXEXojiEva otouc UTioXoYia[jout; (p£p[ai6via avaTiapiaxavTai [ds oTiivopsc Suo auviaTCoacov, oi 
a\jv-qdsiQ xavovEC Feynman TpononoiouvTai sXacppwc. nXr]pr]c TiEpiypacpr] yiveTW. gto iiapd(pTr][ia Tr]c Av. 
[13]. E8co avanapdYovxai [jovo oi xavovec Feynman nou avTiaToi)(ouv otiq nzpiiiTdtaeic, xwv Siaypa^ifJaTWv 
nou UTioXoY[(Tdr]xav. 

B'.S.l Tsvixd 

a. E^UTspixd T[jr][jaTa 

1 

U{p)ba 
V(p)ab 
U{p)ba 
v{p)ab 



•- - — 






a 


P 


b 




» 




a 


P 


b 




< 




a 




b 




» 




a 




b 




< 






P 





+ PuPi^/'m^)/{p'^ - 



Ta )(pTiai[aoTioiou[a£va PsXt) axa cpEpjiiovixd dxpa avacpcpovxai as pox] (pEp[aiovixou apiiSiJoO xai oxi oe 
cpopd op[jr]c;. H op[jr] xaTEUiSuvETai aTio xa Ss^id Tipoc xa apiaxEpd. Oi 8£ixvu6[j£voi axo SiaSoxT) xai axa 
dxpa x«v (p£p[aiov[x«v Ypa\d\d(i>v Seixxec a, b Eivai Tiivaxixoi xai xpsxouv axit; xi[a£c 1 — 4. Ilpocpavoc; oi 
opoi [jdCac axo SiaSoxr] xwv Siavua^axixcov [inoCovicov napaXeinovxai oxav auxd eivai d[ja(la. 

B'.3.2 Kojjipoi Feynman 

Se auxr] xrjv £v6xr]xa ExxMcvxai oi xojiPoi Feynman nou )(priai[aonoir]'drixav yiot xov unoXoyiaiao xwv arjiaav- 
xixwv CAE. Av xai oXoi oi xojapoi nou 'da napouaiaaxouv eSco n£pi£)(ovxai axic Av. [12] xai [13], T] ava- 
8r][Joa[£uar] xouc 8s i5£«p£ixai iiXEovaa[a6c, y'-o'''^^ acpsvoc [jev o[aa8oTioiouvxai xai s5£i8ixsuovxai yiol xt) 
jisXexouiJEVT) TiEpinxcjar] xai acpsxEpou, [je xt] 8uva[ar] xr]c; Eixovac ava8£ixvu£xai tiio suyXwxxa o cpop[jaXia- 
[dOQ nou axoXoui5ir]'dr]X£; xai uioi9Exir]i!)r]X£ axouc nivaxec 5-4, 5.5. 

Sxic (^Eu^sic Tiou UTisiaspxExai slepton, ETuXEYetofi' napouaiaar] xwv a)(£xixwv xojiPwv \dE stau, jiaTi 
auxo Tiai^si xsvxpixoxEpo poXo axov UTioXoyiajio jiat;. H avaywy'*] cje xdnoio selectron ano xit; sXacppoxspec 
ysvesQ y'vexai suxoXwc jae xit; avxixaxaaxdaEic = 1,5,- = 0,m-r = 0. Oi xavovec y-Of- xouc xXd8ouc nou 
cpspouv Xa[apdvovxai \dz avxiaxpocpr] xwv op\d(hv axouc xXd8ouc; nou cpepouv f2. TsXoc, xo a6[apoXo [...] 
Xpr]aijaonoi£ixai \de 8ia^£uxxixr] 8id'd£:ar]. 



p. EawxEpixa x[jr][iaxa 



B\3 Kavovec; Feynman 
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a. stau-tau-bino 




Yl = -1/2, Yr = 1 
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Kav6\i£<; Feynman xaL EcpapiJojiQ 



p. gauge boson-tau-tau 




Zr 
Lr 



gz{LrPL + RtPr), gz = gf^cw 
1 ~ 2s^y, R-r 



Y- gauge boson-stau-stau 



JP2 



" T2 



^ Tl 

y T2 



ie(pi +P2) 



igfif-zziPi +752)" 



ig f2f2ziPi +^2)" 



B\3 Kavovec; Feynman 
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5. gauge boson-gauge boson-stau-stau 




9fif2Z — 9z{-StCt), 9f2f2Z — 9z{sl - 2s^), 9f2f2W+w- 



= 9'sl/2 
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Kav6\i£<; Feynman xaL EcpapiJojiQ 



e. gauge boson-higgs-higgs 



H+ 



7 'N/N/N/N/NX 



OT. gauge boson-gauge boson-gauge boson 



^ H 

y H+ 



^ H- 



-igzcw 



7, A 



Z,\ 




Xuv 

-igcwgzw-w+ 



B\3 Kavovec; Feynman 
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^. higgs-stau-stau 



h\H\ -< igh\H\\ 



^ T2 



h[H] -< i9h[H] 



S 

S 



" T2 
^ T2 



A -< iQAl 

s 

s 



s 

^ fl 



A 



s 

s 



T2 



5^1 (:= 5fif2vi) = -^jy- {At tan /3 - /i) 
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Kav6\i£<; Feynman xaL EcpapiJojiQ 



T). higgs-higgs-stau-stau 



f2 V y h[H] 

S ✓ 
S ^ 

X i9f2f-ihh[HH] 



T2 " ^ 



T2 N /l 
•s. X 

s ✓ 



X igf2f2hH 



h ^ ^ H 



✓ S 

f2 ' A 



7-2 N ^ i?" 

•s. X 



y s 



✓ S 

f2 " ^ ff+ 



r , 1 2 / r 2 o 2 \ S'^'^r 

2 (T 2 o 2\ ff^tan^^ 



9f2f2H+H- = 9^^2/3 I 



Lr \ si 9 ^ cM 9 •) ^ ml cl 



B\3 Kavovec; Feynman 
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higgs-higgs-higgs 



h[H] 

h[H] < i9hhh[HHH] 



/l[-H"] < WhHH[hhH] 



S 

S 

N 

S 



H[h] 
y A 



h[H] -< igh[H]AA 



s 

s 



A 
^ H- 



h[H] -< i9h[H\H+H- 



s 



H+ 



9hhh[HHH] = -'igzMzS(a+p)[C(a+p)]c2a 

9hHH[Hhh] = 9zMz(^S(^a+l3)[C{a+P)]c2a + ^C^a+P)[-S{a+l3)]s2a^ 

9h[H]AA = -9zMzS(^a+l3)[-Cia+l3)]c2P 
9h[H]H+H- = -9 (MwS 

(/3 — a) ['^(P — a 
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Kav6\i£<; Feynman xaL EcpapiJojiQ 



I. higgs-gauge boson-gauge boson 

h[H] -cr idhmzzg'''' 

\. 

<w+ 
w- 

9h[H]ZZ = g^7t,f^ ^(/^-«)['^(/3-«)]' 9h[H]W+W- = 9MwS(p-a)[C(p-a)] 

I a. higgs-fermion-fermion 

<t 
Wh[H]U 
t 

<T 
i9h[H\TT 
T 

<T 
igATT 
T 

_ gnit Ca[Sa] _ grrir Sa[-Ca] _ grUr 

gh[H]tt — ' gh[H]TT — ' 5^rr — ~ ^ i, j tan/? 

^ ' 2Mw S3 ^ ' 2Mw cr 2Mw 



B'.4 T-KoXoyLayto^ TiXaTCdv aXX-qXemSpaoTj^i 
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B'.4 TTCoXoyLa^oq KXaxwv aXXYjXEjiCSpaaYjq 

TuoSciYtJaTixd xai svteXcoc svSeixxixd axiaYpafpeixai napaxdxw o unoXoyiajioc xpiwv SiaSixaaitov ano xr]v 
■n:Xr]i5copa auxcov nou UTioXoYtcrdr]xav xaxd xr] SiapxEia xr]C Epyotoiac auxTjc. Kpixr]pia xwv EniXoycov jaac rjxav 
T] avxnipoauneuxix6xr]xa xwv napaSsiYjadxcov, r] anXoxrjxa xr]c xaxdaxpcoorjc xwv ap)(ixcov Excppdaewv xai r] 
auvxofiia xou xeXixou a7iox£X£a[aaxo(;. 

B'.4.1 Aia5ixaaia tj 




'Sx'^y-'^ B'.l: Ta SiaypdiJijaTa Feynman jiou ouveLocpepouv arrjv evepyo SiaTOjji] Suyy£vixi](; KajaoTpocpr]!; 
— )■ T7 jjsao} T6JV SiauXojv aXXrjXenLSpaarjC s, (a) xai t, (j3) 

ftQ sxTipoacoTioc xcov SiaSixaaicov [je % — 72 axic ap)(ix£C xaxaoxdoeic eniXEYSxai o aiiXouaxspoc Suvaxoc 
[JE £^080 xa acojadxia t — 7. Bpiaxovxai 8ia8o)(ixd(: 



To nXdxoc aXXriX£TTL8paar]C tiou avxiaxoi)(£i axo xavdXi s, S)(. B'.l (a) 



A = -«-M(fcl)7''(Vl +i^2)5rxf2'"(Pl)eM(^2) 

OTiou xpi^f7i-lJ07ioir]i5riX£ y] E^. (B'.4). To xsxpaYwvio[j£vo jiXdxoc \ds XP'^'^^ ""^"^ E^. (B'.12) xai (B'.17) 
YpdfpExai: 

2 

lAl' = -^Tr[/;i7^(i^i + ^2)grxf2i^i + m^)gr^f,i^i +^2)1^] (B'.18) 

• To nXdxoc aXXr]XETi[8paar]c tiou avxiaxoi)(Ei axo xavdXi t, Sx- J^'-l (P) 

g 

= ~^ (^ _ ^2 ^ ^(fel)grxf2M(Pl)(--Pl +P2 + fci)^e*(fc2) 

+ 6 

onoxE iiapo[Joi«c; [je xo TTpor]You[aEva, E^dYExai xo xExpaY«via[i£vo nXdxoc: 

1-^*1' = ~ (^_m2 )2 (-Pi +P2 + fci)'Tr[/;i(7,^f2(i^i +™x)5rxf2] (B'.19) 

• opoc avd[ai^ric xcov xavaXiwv s xai t, tiou [je a^iOTioirjar] xwv E^. (B'.4), (B'.12) xai (B'.17) YpdcpExai: 

2 

2^,4 = -2 ^^^^^^, ^ T^[^7^(|ii +V2)5rxf2(j^l +mx)5rxf2(-ft +P2 +^1)^] (B'.20) 
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Kav6\i£<; Feynman xaL E(papiJOYi(; 



T2 



h X 



h[H] 



> ♦ < 



n[2] I 



(a) 



(P) 



H 



T2 - 



^ ' /l 



- H To* 



^ 

I 

fl[2] i 



I X 



X 



(y) 



(5) 



'Sy_r\\xa. B'.2: Tor SiaypaqjiJaxa Feynman nou ouvELacpipouv OTTjV evspyo Siaxoyii) SuYYSvixrj<; Kaxaaxpoqiiic; 
T2T2 — hH ijsocl) tcliv 8ia6Xcdy aXArjXemdpaorjc; s, (a), t, ((3), u, (8), c, (y) 



O Tiapdyovxac 1/2 tiou (paivsTai axa T£TpaY«via[j£va nXdxr] ocpsiXExai axr] \diar\ Ti[jy] nou XajipdvExai ndvw 
axa apxixd otiiv. Avtii5etuc, xa xsXixd oniv aiiXcoc a'dpoi^ovxai. To FeynCalc avaXa[jpdvsi va unokoyiasi 
xa i)(vr] xcov E^. (B'.18), (B'.19) xai (B'.20), va siodyEi xic ^ExapXr]X£c Mandelstam xai va a'dpoLosi xa 
STii[aspout; aTiox£Xsa[aaxa, otioxe to xeXlxo E^ayoijsvo, Eivai: 



m\{m\ - t) 



+ to| ( - 3m^^ + 2m%^t + t(2s + t) + t^u - 2m?^^(s + i + u) + m^^ (2i + u)^ 



H op-doxrixa EiSixd auxou xou ujioXoyiaiJou sx^'' sJ^aXTjiSEUxEi xai ae iSiwxixr] STiixoivcjvia xov xa'dr]Yr]xr] 
M. Drees [aeaa axa TiXaiaia auyxpiarjc aTioxEXEajidxwv xwv Av. [44] xai [57]. 



B'.4.2 AiaSixaaia f2f2 — > /i-H" 

H SiaSixaaia f2f| /iff aTioxEXei xt) pdar] xr]c YSviXEU[i£vr]C (p6p[JouXac nou So-OriXE yia xic SiaSixaaisc; [je 
aco[jdxia higgs axic xsXixEC xaxaoxdosic- Aoyw xwv paiOiawxcov s^wxEpixwv tioSlcov, axa TiXdxr] UTiEiaspxovxai 
[jovo Ceu^elc xai SiaSoxEt;. SuvaxoXou'da, xai 01 op\iiz [inopouv va [ir]v x£i5ouv axa 8iaYpd[i[iaxa xou !])(. 
B'.2, yiaxi sivai Tipocpavsic 01 auvEiacpopsc as xdiOs xavdXi. Mixpr] 'Kpoaoyi] )(psid(l£xai axo Tip6ar][ao xou 
8iaYpd[ajjaxoc enafprjc nou Tipensi va Eivai Siatpopcxixo ano xa aXXd, yiaxi az auxo, sjacpavi^exai ^lovo sva i 
evtj axd dXXa, Ejacpavi^ovxai xpia i, Eva ano xo 8ia86xr] xai 8uo ano xic xopucpcc, onoxE xo auvoXixo izpoary-o 
Eivai —i. 

Aivsxai aneuiOsiat; xo x£xpaYwvia[a£vo nXdxoc, nou sivai: 



1^1 = 



ghQhhH gH9hHH 9hl9Hl ghQH ff/tlggl QhOH 

s — mi s — mir t — m% t — mi u — m% u — m% 



KdiSs opoc XOU npor]YOU[JSvou aiOpoia^axoc avxiaxoixsi axo nXdxoc xaiSsvoc ano xa 8iaYpd[i[iaxa xou 
SX- B'.2 (a)-(8). To 1810 xExpaYWvia[a£vo nXdxoc X'^P^'^ xotvdXia i(fi), M(fi[2]) 8ivExai xai axrjv Av. [64] 
xaXunxovxac [iiar] xai nXeov a£Xi8a, \ds cpop^aXia^o npocpavcoc nio 8uav6r]xo ano xov axoXoui5ou[i£vo £8co. 



B'.4 T-KoXoyLaiuoc; r.Xardiv aXX-qXemSpaoTj^i 
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B'.4.3 Aia5ixaoia T2eR re 



Pi 



T2 



Br 



P2 



Pi - h 



SxTQl^ot B'.3: To SidypaiJijaTa Feynman nou auveiacpepei axrjv evepyo SiajoiJi/j SuYYe\iixr]<; KaTaoTpocprj^; 
T2eR — )■ re [ueaa tou SiauXou aXXrjXemSpaar]^ t 

To TEXeuxaio TiapdSsiYtJa nou sniXEYCTOf'-, s\dTizpiix^'- sleptons t«v sXaqjpoxEpwv yzvediv. TnapxEi, £- 
Tiojasvwc;, Ceu^T] nou npoxuiiTEi ano tic exTrfrnJEVEC axo E8. B'.3.2 [je tic avTiaTOi)(i£c nou zxzi avacpEpovxai. 
SuYxexpijaeva, 

gexSa = YrPl xai gex^H = YrPr (B'.21) 

E5oTiXia[j£voi xai [iz auxo to scpoSio, janopou[a£ va eniTOxoujas Tr]v exfppaar] yia to nXdToc Tr]c aXXr]- 
X£:Ti[8paor]c nou eixovi^ETai xai oto E)(. B'.3: 

A = U[k2)igexeR — 2 Wrxf^Cu (^2) 

t m- 

=^ A = lv{ki)grxf-2 — 2 9exeRU(k2) 

t m~ 

onou xpi^oi[jonoiri'dr]xav oi E^. (B'.4) xai (B'.9). TcXixd, yia to TE:TpaYWvio[a£vo nXdTOC, XajapdvsTai: 

l-^l^ = (^_TO2.)2 ^'^[g^Xy2(i^l - M + mx)gexenh9exeA^l " M + "lx)ffrxf2^l] (B'.22) 

To FeynCalc avaXa[jpdvsi va UTioXoyiasi to ixvoc Tr]c npor]YOU[j£vr]c Excppaarjc xai va Eiadyei tic [JETapX- 
rjTEc Mandelstam, ohote to teXixo aTioT£XEa[ja Eivai: 



\A =- jp:^2 (B-23) 



IlapcipTrj^a F' 

Axpovu^ia 



Me 0x6^0 Tr]v aTiocpuyr] 7iap£p[jr]VEi«v xai tt) aacpeoTspr] SLaTUnuor], ULO^eTiri^r]xav xomoLa ouv^rj^aTixd 
axpovutiia as oXr] Tr]v Tiopeia Tr]c £C£''^i-criC xou xeifievou. Ta nEpLaaoTepa ano auxdi e[vai E^TivEua^eva and 
xa apxixd tuv avTiaxoixwv XaxLvixtiv Xe^EUv. ©EupEixai, Xoltiov ETiLpEpXrjfiEvr] T] xaTaYpoiCpi*] xouc; ^a^i 
TIC Xs^Eic xaxaYWYV]? touc; xai ty] [JExdfppaor] auxcov, r] onoia ^EpLXEc; (popsc lawc EivaL Xiyo s^sCyiTrwiivr]. 



• ANE : Annihilation Effects (AiaSixaaiec AXXriXoxaTaaxpocpy^c) 

• EWS : Electroweak Scale (HXexTpacrdEvrjc; xXi^axa zvip^ziac) 

• BES : Bose Einsten Statistics (STaTLOTixr] Bose Einsten) 

• CAE : Coannihilation Effects (AiaSixaaisc Ti\jj-(svixr]c, KaxaaTpocpric) 

• CBR : Cosmic Background Radiation {Koayi\.xfi AxxivopoXia TTiopd^pou ) 

• [C, H]DM : [Cold, Hot] Dark Matter ([*uxpT], Bepfi^]] Exoxsivy] TXr)) 

• CRD : Cosmic Relic Density {Koa[dixr] EvaTio[ievouoa nuxv6xr]xa) 

• est. : constant (oxa^epd) 

• CRF : Cosmic Rest Frame (Koo[ji.x6 EuaxriJia Hpsfiiac) 

• COBE : Cosmic Background Explorer (KoatJixoc; Av'.xv£uxi(]c; TTiopdiiQpou) 

• FDS : Fermi Dirac Statistics (Sxaxiaxixr] Fermi Dirac) 

• GUT : Grand Unification (MsydXr] EvoTioirjor]) 

• fi. c : hermitian conjugate (Ep^ixiavo Su^uyEc;) 

• [N]LSP : [Next to] Lightest Supersymmetric Particle 

([IIpwxo tjsxd to] EXacppoxaxo TTispaufifisxpixo SwtjdTio) 

• [N]LO : [Next to] Leading Order ([DpuTr] ^ETd Tr]v] Kupia Td^r]) 

• MBS : Maxwell Boltzamann Statistics (STaTioTLxr] Maxwell Boltzamann) 

• MD : Matter Domination (ETiLxpdTrjar] 'TXr\z) 

• [MS]SM : [Minimal Supersymmetric] Standard Model 

([EXd)(i,aTa TTispauijiJETpixo] Ka'diepcofievo npoxuTio) 

• RD : Radiation Domination (EnixpdTrjar] AxTivoSoXiac) 

• RGE : RenormaHzation Group Equations (E^iawasic O^idSac; ETiavaxavovLXOTi:o[r]or]c) 

• SBB : Standard Big-Bang Model (Kai9LEpu^Evo Koa^oXoYi.x6 HpoTUTio) 

• SBT : Soft Breaking Terms ('Opoi aonJevouc; Tiapap[aar]C Tr]C SUSY) 

• [N]SE : [Non] Standard Embending ([Mr]] KaiJiepu^evr] E^cpuTEUor]) 

• SUSY : Supersymmetry (TTispau^^STpia) 

• SSB : Spontaneus Symmetry Breaking {Au'd6p[ir]Tr] xaTdppsuar] Tr]C SufifiSTpiac) 

• QE[C]D : Quantum Electro- [Chromo-] dynamics (KpavTixV] HXEXTpo-[Xpu^o-]8uva^ixy] ) 

• VEV : Vacuum Expectation Value (Ava^evo^Evr] Ti^rj Kevou) 
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Axpovu[jLa 
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Atio touc eXXrjvixou? opouc, XiyoTepa axpovu^ia npospxovTai. HapaxaTW napaxi'dEVTai auxd xai x&noiec, 
Xpi^oi[i£(; ouvT^ioEic;: 



• Av. 


Avacpopd 


• E8. 


ESdcpio 


• E^. 


E^iawarj 


• ^X- 




• eAi 


0Ep^o8uva^LXi(] laopponia 


• lAK 


ISioxaTdoTaor] 


• lAT 





